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ABSTRACT
Unilamellar liposomes are considered to be good models of biological cell
membranes. They are composed of lipids, which are amphiphilic molecules that
tend to associate through non-covalent forces 1-5. These amphiphiles aggregate
to form aqueous barriers that surround an aqueous pocket which mimics the
physical character of the biological cell membrane. Single chained amphiphiles
tend to form micelles. Their double chained counterparts tend to form bilayer
vesicles, or liposomes. The shape of the amphiphiles, and the free energy
present in the system, dictate the type of aggregate formed.

5-12

Sonication and

extrusion are techniques used convert a multilamellar vesicle into unilame"ar
vesicles. These unilamellar vesicles have bilayers that are similar to the
cytoplasmic membranes found in most biological systems. 5 Therefore their
stability in varying environments can be related to the stability of the cytoplasmic
membrane, and the biological applicability of the prepared vesicle. By varying
the lipid composition and/or the encapsulated compounds/solvents, it is possible
to study the properties of the membrane and their effectiveness in such a
capacity. Therefore maintaining the stability of these models is crucial to the
accurate synthesis of model cell membranes. 5

The formation of vesicles is driven by the intermolecular forces present in the
system. The bilayer aggregation is preferred at certain surfactant concentrations
due to the low free energy present in such a configuration. The entropy
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contribution made by the self-aggregation of the surfactants is less than if the
surfactants remained in the monomer state. The tight compaction of vesicles is a
result of the hydrophobic force, which keeps the hydrocarbon chains tightly
packed together. A portion of the water molecules are encapsulated in the
aqueous center of the liposomes, thereby creating less disorder. This
conformation will remain uncompromised as long as water molecules do not
come in contact with the rim of the alkyl chain of the surfactant. 1-5,14,16 When
non-polar solvents are introduced into the system, the effect is weakened and
membrane is made permeable to the water molecules. 142o

The determination of disruption of the membrane will be based on the point at
which aggregation occurs. This can be observed as an abrupt change in an
established trend in size and/or change in spectra of the sample. We conducted
a serious of experiments in order to determine the point at which the alkyl chains
hydrophobic environment became compromised. The first of these required the
entrapment of pyrene into the hydrophobic core of the membrane.
Kalyanasundarum has demonstrated the sensitivity of pyrene fluorescence to
polarity.8,45 By measuring the fluorescence of pyrene upon titration with
triclosan, we were able to demonstrate the effect of triclosan on the permeability
of the membrane. We also conducted light scattering studies to determine the
effect of triclosan on the size of the liposomes. Many researchers have
demonstrated the usefulness of light scattering as a method for determining
aggregate formation and fusion as a function of vesicle size. 86 Multi-angle laser
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light scattering (MALLS) and Quasi Elastic Light scattering (QELS) were used to
observe the stability of prepared vesicles. In general, MALLS determines the
radius of gyration and QELS determines the hydrodynamic or "translational"
radius. For stable spherical particles, the radius of gyration, a static
measurement, should equal the particle size in motion, i.e. the translational
radius. 86-89 In comparison, an elliptical particle with un-equal axes would show a
difference in static radius and translational radius. 90 This is because as a particle
moves through a solution, it will move in such a way to avoid obstruction by the
solvent molecules. Therefore, with spherical vesicles, we expect to see a
correlation between the QELS and MALLS data.

Both these methods have been used to demonstrate aggregate formation as a
function of various disruptors and surfactants. 8 ,46 The trend showed an increase
in vesicle size with increasing ethanol concentration. This correlates with the
fluorescence data which showed the weakening of the membrane with increasing
concentration of ethanol. In the triclosan trials, the changes in vesicle size and
polarity indicated similar results. With the addition of triclosan to water liposomes,
the liposomes grew to a maximum size of 135 nm at 2.0 x 10-4 M and then
dissociated into aggregates of their original size. The 'fluorescence data shows
that at 2.0 x 10-4 M, the 3/1 ratio reaches its minimum, suggesting that the
maximum triclosan capacity has been reached. Linking these two results
together suggests the dissociation of the membrane. The intermolecular forces
that bind the vesicle into its conformation are compromised as the polarity of the

6

solvent is altered. With that, the solvent was free to leak int%ut of the
membrane and the surfactant electrostatic forces were weakened. This allowed
for the surfactants to separate from each other. This "swelling" allows for the
increase in size of the vesicle. The leakage of the entrapped molecules creates
a model for the dissociation of vesicles and is useful knowledge in the study of
drug delivery.

7

Chapter 1: Introduction
Lipid Forces
The structure and stability of liposomes has been a subject of interest for many
decades. Various lipids have been shown to form membrane bilayers in
aqueous media. 1-9 As a result, many researchers began utilizing these lipid
bilayers as model cell membranes, thereby opening the door to a plethora of
possibilities in lipid chemistry.1-7 Huang and Thompson first demonstrated the
similar properties between naturally occurring membranes and model
membranes. In both systems, the membrane was able to maintain separation
between two aqueous phases creating a semi- permeable barrier. 19

Figure I . Cross-Section of a Liposome 141

Hydrophobic Core

Aqueous
Core
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Due to their semi-permeability, these model membranes have been used to
investigate the stability and trapping efficiencies of various phospholipids
membranes.

Membrane forming lipids typically consist of a polar head group and a non-polar
hydrocarbon chain. 4-6 For example, in dipalmitoyl-phosphatidylcholine (DPPC),
the head group consists of a phosphate group bound to a choline group with
charged nitrogen while the hydrocarbon group consists of a 16 carbon alkyl
chain.

1-7

Figure II. Structure of DPPC
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The head group in the lipid takes on the shape of an upside down

CH 3

wedge. 4-6

This

is due to the size of the choline group in comparison to the phosphate group.
Therefore, the head group requires a larger packing volume. Smaller surfactants
tend to have cone shaped heads which would allow for smaller packing volumes
per lipid while larger surfactants have a wedge shape which occupies a larger
volume.

Lipids can have single or double alkyl chains 4-7 Generally, double alkyl chained
lipids form liposomes while single alkyl chained lipids form micelles. For
9

cH3

liposomes, the double chain adds to the required packing density in the
hydrophobic core.

4-8

Based on these geometric considerations, the wedge effect theory was
established. This states that the structure of the aggregate is determined by the
lipid head group and the number of hydrocarbon chains.

10-13

In the case of

OPPC, the head group takes on the shape of a wedge, not a cone. There are two
hydrocarbon chains. The angle created by the choline and phosphate group
creates curved bilayers when the lipids are compressed together. 46

The point of vesicle formation is most dependent on the surfactant concentration
and is driven by intermolecular forces. The bilayer aggregation is preferred at
certain surfactant concentrations due to the low free energy present in such a
configuration. At this critical concentration, lipids will self assemble into
vesicles. 14- 19 The overall energy present at this point is less than it would be if the
surfactants remained in the monomer state. In other words, the energy
contribution of the less ordered water molecules present in a monomeric
dipalmitoyl-phosphatidylcholine (OPPC) solution is greater than the energy
contribution of the same water molecules in a more ordered OPPC vesicle. 14-21

The hydration forces present are activated when water molecules bind to
hydrophilic surfaces. 16-21

For bilayers and vesicles, these hydration forces are

dominated by the steric repulsion caused by amphiphilic surfaces. Steric
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repulsion is the effect of polar heads coming within close contact.

21.22

Once in

close contact, the polar heads will pull away from each other, and therefore push
closer to another polar head. If the polar heads form too large a gap in the
structure, the hydrocarbon chains will be exposed to water molecules. The
combination of the push and pull of the polar heads and the hydrophobic effect
creates the membrane described. The disruption of the 'repulsion' in the polar
heads affects the hydration force described above and therefore, weakens its
effect.

The hydrophobic force is the most significant contributor to vesicle conformation.
In stable vesicles, the steric headgroup repulsion mentioned above shields the
hydrocarbon chains from water molecules. However, in a stressed environment,
the polar heads struggle to maintain contact with each other and cause the
bilayers to grow laterally thereby exposing the hydrocarbon chains. This activates
the hydrophobic effect. 21 26

Phases of Upids. There are three main phases of lipid aggregation. They are the

crystal phase, gel phase, liquid phase, and hexagonal phase. Examples of these
phases are seen below. The crystal phase depicts lipids in their solid state. The
gel phase consists of quasi rigid lipids in a stable configuration as is initiated
when lipids are subject to an aqueous environment. The lipids are lined up in an
identical configuration and move together as an entity. In the liquid phase, the
configuration of the lipids is random; hence the angles between lipids are

11

random. The rigidity of the liposomes is lost but the shape of the aggregate is
maintained. 4 -6 For this reason, the gel to liquid phase transition signals a change
in strength not structure of an aggregate. 4-6 But with the weakening of the
membrane, the semi-permeability of the membrane is compromised.

Figure III: Phases of Lipids93

Crystal

Gel

Liquid

After the liquid (fluid) phase, an interdigitated state occurs (not shown). This is
when the outer and inner layers of the bilayer mesh together so that the terminal
methyl group of the outer layer lies at the rim (lipid water interface) of the inner
layer, and vice versa.

98.119

The area of the head group is increased due to

increases in the polar head spacing. Li et a!. attached the fluorescent probe N-(7
nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) to the terminal ends of DPPC
phospholipids and observed the effect on its fluorescence when subject to
increased ethanol concentration. 131 The results are shown below in figures IV (a)
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and (b). NBD is quenched in the presence of iodine. With increasing ethanol, the
liposomes went from the gel phase to the liquid phase to the interdigitated phase.
This was indicated by an increase in fluorescence (Figure IVa) as the NBD
became exposed to the aqueous solvent (saturated with iodine). The fraction of
accessible NBD-PC fluorophores in DPPC MLV's (Figure IVb) relates back to the
effect of ethanol on the membrane. This fraction increased by 40%. U's studies
confirm that the NBD-methyl group on the DPPC was quenched beyond 1.0 M
ethano1. 119,122-124 Both results suggested that the methyl group was in a polar
environment.

119,122-134

By 1.0 M ethanol, the iodine saturated aqueous solvent

began to leak into the hydrophobic core resulting in an increase in "accessible
fluorophores" .
Figure IV(a) and (b): Evidence of Interdigitation 131
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The phase of the lipid is a major factor in determining the strength and shape of
the aggregate formed. Hence, by monitoring the phase of the lipid, the field of
possible configurations is narrowed. The possible aggregates are shown below:
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Figure V : Lipid Aggregations
A) Micelles

B) Liposomes

C) Micellar Network 14

D) Micellar Rods 14

E) Inverted Micellar
Rods 14
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Factors that would affect aggregate formation include changes in transition
temperature and packing constraints. 5 ,7,14,16, These factors would lead to a gel to
liquid phase transition. During this transition, the vesicles remain fairly spherical. 1
7,16

However, the vesicles permeability is significantly increased. The transition

temperature is the temperature above which the hydrocarbon chains 'melt'.
Below the phase transition temperature, vesicles are in the 'gel' state. Above the
phase transition temperature, the ordered packing of the 'gel' state is disrupted.
This conformation suggests that the chains are in their liquid phase.

4-7,14,16,26-29

The gel phase suggests stable vesicles and the liquid phase suggest swollen or
unstable vesicles. Beyond, the liquid phase, the vesicles can aggregate into
other configurations. The hexagonal phase includes configurations such as
cylindrical micelles and inverted micelles. The hexagonal phase of lipids can be
formed by the aggregation of micelles or vesicles fragments. For instance,
micellar rods can be formed by the stacking of micelles. These stacks can grow
as long as 100 /lm. For a complete list of the range of sizes of various
aggregates, see Table 1. The cubic phase describes three-dimensional
structures composed of intertwined and connected lamellar rods. These
resemble dendrimers. 4,6,14-21\

The packing parameter is a calculated factor often used to predict the shape of
an aggregate. According to Table 2, a vesicle is the preferred structure when the
form factor is between Y2 - 1.

4

,5,16
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The equation for the form factor (P) is below.

v
P == --------------

(1 )

aox Ie

.4434
-----------== .8206
.2481 X 2.178

P==

This correlates with the formation of vesicles. 16
Where:

v-

hydrocarbon chain volume

ao _

optimal area

Ie _

critical chain

length
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Table 1: Aggregate Parameters4

•
•

50- 100 monomers
DPPC cmc: 2.0 x
106

•

Radius is variable
(For DPPC- <
11nm)

Multilamellar
Unilamellar
Vesicles 3

•

Up to 10,000

Single
Unilamellar
Vesicles 141

•
•

20 -50 nm
95:5 water to lipid

Large
Unilamellar
Vesicles 141

•
•

Hexagonal
Aggregates 14

•
•

ratio

50 to > 10,000 nm
95:5 water to lipid
ratio

•

•
•
•

Clusters of rods
Each rod has an
average width of 30
nm
Spacing between
rods spans -25 nm.
50:50 water to lipid
ratio
Micelle Clusters
Radius: indefinite
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Table 2. Lipid Aggregations 16
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Van der Waals forces also contribute to the conformation of aggregates. These
forces are described by the following equation.

16,58,59

W(D) = -A 112 1t D2 per unit are of surface

(2)

Where
A is the non-retarded Hamaker constant. (See Appendix 4)
D is the distance between polar heads

The Hamaker constant (A) is small for vesicles. Also, the contribution of the
force decreases with increasing size. In general, the Hamaker constant is
unpredictable above diameters of 3 nm.

The ratio of vesicles in the gel state to those in the liquid state can be defined by
the excess enthalpy in the system. 31 -33 Figure VI best demonstrates the
correlation between enthalpy and phase transition.
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Figure VI. Gel to Liquid Phase Transition 6

60~-----.----~r-----r-----~----1r----~~====c=J

r:::

.Q

....

~

o
....

40

Liquid Phase

~ 40

i;"

!

I

'i 30

1

1

E

-

\

~ 20

a

A

-=-_-_-_-_--...._-;;.:;-=-=-=--=-;...'-t-_b /---;;;.::.._ _ _ _ _ _ _ _.... 0

t--_ _ _ _ _ _ _

.t::.

C
<II

r:

B
)(

to

Gel Phase

w

O~-------------==--L
30

35
40
Temperature '''C)

45

so

55

The I:!. Tm demonstrates the pre-transition phase. During this phase, the structural
transformation is distorted by undulation. The phase transition temperature of
DPPC is 41QC.31-33

Phase changes can be induced by packing constraints. These geometric
considerations include optimal head group area, critical radius, critical chain
length and chain packing. Factors affecting optimal head group area include
changes in salt or H+ concentration. A decrease in polar head group spacing can
lead to the formation of inverted or cylindrical micelles. Changes in chain packing
include chain branching and unsaturation. Also, the penetration of organic
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molecules leads to an increased in the 'effective volume' of the aqueous core
(See Figure 1). This would result in the formation of larger vesicles. 34-44
By inducing any of the above mentioned factors, the phase transition
temperature is lowered; thereby, activating a gel to liquid phase transition. 3344
Gel to liquid transition can be indicated by emission and light scattering studies.
Abrupt changes in the fluorescence of an entrapped fluorophore or in the size of
a vesicle can indicate a phase transition. Many researchers have studied the
effect of phase transitions on the permeability of the membrane.

45-49

Papahadjopoulus et al. studied the permeability of Na+ as a function of perylene
emission.

29

They suggest the initial melting of the hydrocarbon chains begins at

38QC. The diffusion of the sodium ion reaches its maximum value at 42Q. Fendler,
has suggested that in the liquid phase, which is initiated at 42Q C with DPPC
lipids, vesicles swell to larger sizes.

6,49

This correlates with the theory of

increased permeability and decreased strength in the membrane which relates
back to the breakdown of the barrior. 49

These results confirm that an increase in the ion permeability of the membrane
coincides with a change in phase as well as in size. This dynamic is the
determining factor in our studies.

21

Emission Theory
Pyrene was used as a fluorescent probe for the study of liposome stability based
on previous work by Kalayansundarum. 45,60 This molecule has five sharp
vibronic bands; each of which illustrates a strong dependence on the
environment. 60,61 In the absence of a polar medium- no dipole interaction occurs
and the emission spectrum of pyrene is similar to that of its UV absorbance as
governed by the Frank Condon Principle.8,45, However, solute- solvent dipole
dipole coupling results in an increase in the intensity of the O-O-virbonic band. 44-47
Kalyanasundarum used this information to devise a method of determining the
polarity of the environment surrounding the molecule. By normalizing the peak
intensities with reference to the 0-0 vibronic band (peak I) they were able to show
that the third vibronic band (peak III) shows the greatest perturbation upon
initiation of solute - solvent dipole interaction. Based on this fact, the ratio of the
first and third vibronic bands (111/1) was determined to be an indicator of the
polarity of the environment around pyrene. 15 Using this ratio, Kalyanasundarum
tested the 111/1 ratio of pyrene entrapped in micelles in varying solvents ranging
from water with a dielectric constant of 78 to hexane with a dielectric constant of

1.82. In the aqueous environments the 111/1 ratio was low (in the range of 0.50)
while in non-polar media the ratio jumped to as high as 2.00.

15

Pyrene is also a hydrophobic molecule. Therefore it will localize in the
hydrophobic core of the vesicle. More specifically, the pyrene molecule will form
an "adduct" with the nitrogen in the choline of the DPPC?1 The adduct formation

22

has been proven to occur between quaternary alkyl ammonium salts and simple
aromatics such as pyrene. 17,71 This was determined by Infrared Spectroscopy
which showed a baud of 14.4 ~ which Hardy et. al assigned to the C-H bond
bending out of plane of the aromatic compound. Hydrogen bonding was
eliminated as a force of interaction due to the high enthalpy change. By
implementing the method developed by Kalyanasundaram, we demonstrated the
effect of triclosan and other agents on the strength of the membrane. By
introducing these agents, the environment around pyrene indicated the influx of
aqueous solution to the hydrophobic core.

Preliminary studies were also performed using green fluorescent protein (GFP) to
a chromophore in the triclosan trials. (See Figure VII). These studies can be
used to investigate the option of using GFP in the presence of a quencher to help
determine membrane permeability.

This protein is isolated from Aequorea Victoria and emits green light. Purified
GFP exists as a 27 kDa monomer and has 238 amino acids. 72-79 The
absorbance peak is at 370 nm with a shoulder peak at 470 nm. The emission
peak is present at 510 nm with a shoulder peak at 530 nm.. 79-83 Due to its high
level of stability, denaturation is unlikely except under harsh conditions.79.81-82
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Figure VII: Structure of Green Fluorescent Protein
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The structure of GFP is a folded 4~(p-hydroxybenzylidene) -5-imidazolene
moiety. 73,74 (Figure VIII) Inside this folded protein is an 11 strand ~ barrel
wrapped around the central helix. 84 This barrel is 42 AQ long and 24 AQ in
diameter. 84,85,86 Emission is the result of the covalently bound

p

hydroxybenzylidene- imidazolidinone chromophore?3,74,83.86 This chromophore
(Figure VIII) is derived from the 'cyclization' of serine dehydrotyrosine~glycine
from this hexapeptide

84

and is completely protected from the bulk solvent

86.

For

this reason, the denaturation of the chromophore is unlikely.87 However, one
side of the chromophore faces a large cavity containing four water molecules.
These water molecules form a chain of hydrogen bonds linking Glu 222 and Gln 69 .
75,87

In the case where the water molecules have been displaced, the stability of the
protein and its chromophore is threatened. The opposite side of the chromophore
is packed against several aromatic and polar side chains. 86-87 Several polar
interactions occur between the various amino acids in the protein. 86 ,87 An X~ray
structure has suggested that several proton donor/acceptor sites exist near the
chromophore.
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Figure VIII: GFP Chromophore143
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HIS148, THR203, and a water molecule interact with a phenolic hydroxyl causing
deprotonation. Also, the heterocyclic ring of the fluorophore has been suggested
to be positively charged in certain conditions. Based on these factors, the
environment of the chromophore can be manipulated by the electrostatic
potential created by the protein. Positively charged complexes have been shown
to have a significant effect on the environment.

73.93.94

Ehrig has shown that the

surrounding matrix of the chromophore causes variation in the emission spectra
of the protein. 77

Light Scattering Theory
26

The Mullti Angle Laser Light Scattering (MALLS) instrument utilized 18 detectors
at various angles, ranging from 15Q to 180Q • Each detector was normalized to the
90-degree detector using an isotropic scatterer such as bovine albumin serum or
32000 kDA polystyrene. As a particle travels through a solution, solvent
molecules will be displaced to account for increased volume. The radius
calculation was based on the number of solvent molecules displaced by the
particle.

Figure IX: Light Scattering Schematic85
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MALLS is a technique based on observing the angular dependence of the
intensity of laser light scattered by large molecules and polymers in fluid solution.
27

The intensity of the scatter can be related back to the molecular weight of a
particle. If the refractive index increments (dn/dc) and the concentration of solute
are known, then the molar mass can be calculated.
I

scattering -

M c (dn/dc)

Where:

2

88

P (8 )

(9)

1= scattering intensity
M= Molar Mass
dn/dc = index of refraction
c= concentration
P(8) = form factor

Intermolecular interference can lead to the reduction of the scattering intensity
which is accounted for by collecting intensity as a function of angle. In order to
calculate the root mean square radius (rms), the angular dependence of the
scattered intensity must be known.

88-90

The root mean square radius (rms) is the

calculated radius assuming the molecule is a sphere, i.e. all radii are equal in
length (see Figure VIII). If all radii are not equal, MALS will calculate an average
radius based on the center of mass and an average radial length.

88-90
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Figure X. Definition of Root Mean Square Radius85

Root Mean

center of mass

/

Square Radius
(RMS) = Lri / i

To account for angular dependence, a form factor for a sphere, P(S)s must used.

P (S)5 = 1-161i no2
- - - [sin 2 (S/2),<r g2> + .... ]

(10)

3 A?O
where: no = solvent refractive index

AO = wavelength of incident light
Using these two equations, the Rayleigh ratio R(S) was derived which describes
the ratio of scattered and incident light intensity.

86,88,95

Using the Debye

equation, a plot of R(S)I K*c vs. sin 2 (S 12) is generated. The best polynomial fit
to this line is calculated based on sin 2 (S/2). The intercept and slope are
calculated at zero angle. The Debye equation is derived from the Zimm equation
and is shown below. 86·88, 95,96
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(11 )

1

K*c

[1 +

16n
-

2

<fg2>

sin 2(8/2) ]

3",2

Re

Dawn Course Manual 2001

Where
(12)

Where no = solvent refractive index
NA= Avogadro's Number

A 0 = vacuum wavelength of incident light
dn/dc = refractive index increment of scatterer
Rs= Rayleigh Ratio
Mw= Weight Average Molecular Weight

A= wavelength of incident light
c= solute concentration (glml)
rg = root mean square radius (radius of gyration)

Quasi elastic light scatting (QELS) is used to determine the hydrodynamic radius.
The hydrodynamic radius denotes the radius as the particle moves through the
solvent. A particle in solution will diffuse through the solvent in such a manner as
to allow for the least resistance. Hence the longer axis will tend to run parallel to
the solvent j:low. Based on the radius of the longest axis, the particle is assumed
to be a sphere. Therefore the radius reported as the hydrodynamic radius is the
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radius of the longest axis of the particle. The reported radius also accounts for
solvent drag. Therefore the Rh tends to be slightly larger than the Rm.

QELS uses an autocorrelation techniques to find a link between each reading.
The intensity of the scattering is measured in kilo-counts/s (kcps). As a particle
moves through the laser beam the intensity reaches a maximum and then
decays. This decay is used to determine

1:-

the characteristic time.

The actual autocorrelation function is an arbitrary unit used to determine
88-90 This

i

function depends on the position and movements of all particles in the

scattering volume, i.e. the intensity·) and is dependent on the time, to.

'ta
(Characteristic time)

Where <Ao, A",> = Limitt= '"

11T I (At) (At + "') dt

(13)

T = Total time or Acquisition Time

to= Initial time; 8t = delay time
1:

== characteristic time
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Once the characteristic time has been determined based on the autocorrelation
function, the diffusion coefficient can be derived from equation 14. The
characteristic time is the same as the correlation time and is defined by the
following equation.

88,90

(14)

Where:
L =diameter of the scattering volume
D =diffusion coefficient.
Here, D is the unknown. If l' is small then:

to - to + T

.

wher!3

to is the initial tim!3

(14b)

and the points will be "correlated".

The diffusion coefficient is then used to calculate radius from the Stokes- Einstein
equation.

D=

~

T / 6TtrJr

(15)

Where:
kb = Boltzman constant
T = temperature (K),
11

=viscosity

r = radius.
The Stokes- Einstein equation relates the diffusion to the sphere while
accounting for solvent drag.
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Table 3: Types of Radii
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Measured radius based on
a hypothetical hard sphere
but indicative of a dynamic
hydrated solvated particle.

it- translational friction
coefficient
(ft is proportional to the
frictional force on a particle
applied by the surrounding
solvent.)
Q

<. '\\

Pll"d~m~l1tiJl$i":>"

it = 6m'J R

11- viscosity at 20

• ,

Radius calculation
accounting for solvent
drag.
it - 1 for sphere
Rh does not account
for the presence of
different populations of
particles.
Provides the average
radius of ALL particles
in solution.

Phase fluctuations arise
from translation of a
molecule over a distance.
Derived from the Stokes
Einstein Equation:

C

D:::: kTlft = kT/61tTJ R

Rotational Radius
(Rg); i.e. radius of
gyration

KC

::::
2A 2C
R (e,c)

Static Radius obtained by
rotating particle around
geometrical center

+
Mwp(e)

•

Radius by Mass (Rm)

Rmass::::

Root mean square
radius.
Rg - 1 for sphere.
Radius of static
particle.

[ \1Wx3Vp

Na 4n
Where MW is derived
from:

113
.I

DLS intensity based
method of determining the
mass generated radius of
a particle.

•

•
•

•

•

Intensity based radius
derived from the
simple Rayleigh Ratio
formula.
Radius determined
from the mass center
of a particle.
Rm-Rg
Provides the average
radius of the
represented mass
populations as
depicted in the
population diagrams.
Does not reflect the
average particle
radius of the total
solution.
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The massl intensity
distribution is calculated
directly from the intensity
distribution of radii via a
simplified form of the
Rayleigh equation
developed from static light
scattering theory

Rh

of 10,000nm. In this instance the

represents a trend in particle size. Since the

Rh

is closer to the

Rmpeak 1,

Rmpeak 1

of 5 nm, and a

p

For example. A particle can have an
Rh

of 10 nm,

Tells us how much of
the total particle mass
is occupied by the
represented
population.
Based on the
populations diagrams
shown.

R m eak2

the majority of particles in solution are configured as

those particles represented by peak 1. But the presence of the few 10,000 nm
particles competes with the 5 nm particles and thereby alters the Rh, or the total
particle average. Therefore, it can be suggested that the
total particle size but the

Rm

Rh

depicts the trend in

depicts the trend in liposome size.
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Prior Research
Ethanol has been proven to increase the critical micelle concentration (cmc) of
phospholipids.

4

,16

Komatsu has shown that increasing concentrations of

ethanol lead to higher permeability rates. 97 This will result in an increased 11111
ratio for pyrene incorporated into the micelle. Hence, with the initial additions of
ethanol, the membrane will begin to weaken leading to an increase in passage of
water molecules through the membrane. Eventually, the vesicle will form a
different aggregate that is more energetically favorable.

47,48, 98-99b

Triclosan, 2,4,4' trichloro"2'"hydroxydiphenyl ether, has been considered an
effective biocide for many years. It can be found in a broad range of products,
ranging from medical and surgical devices to toothpaste and mouthwash. It has
been speculated that this germicide, when entrapped in a liposome or cell,
disrupts the cell membrane. 1OO , 101 Although much research has been performed
on this molecule, the permeability characteristics and the effect of triclosan on
cell membrane stability are not well known.

It has been suggested that at certain concentrations, triclosan eliminates the gel
to liquid phase transition and increases cell membrane permeability. In the gel
phase, the liposome is rigid and impenetrable to polar molecules. In the liquid
phase, the bilayer loses this rigidity. Solvent molecules are able to penetrate into
the center and the vesicle swells. 4-6 , The liquid phase can therefore be
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characterized by an increase in polarity within the hydrophobic core due to an
increased exchange of water and other polar molecules.4.6.97.98

Since it is insoluble in aqueous environments, the diffusion of triclosan into the
aqueous core of liposomes is unlikely.1oo-102 It is, however, possible for triclosan
to diffuse into the hydrophobic core of the membrane.102.103 In this case, the
permeability of the membrane increased, and size of the vesicle will be altered
at the point of aggregation.

On a biological level triclosan has been shown to trigger DNA mutations
resulting in antibiotic resistance. Such antibiotic resistance has been induced by
triclosan in EColi, M. smegma tis and M. tuberculosis. In weakened membranes,
the efflux of triclosan across the membrane cannot be mediated, which allows for
the development of biocide resistant mutations of bacteria. 101 . 101b. 101c

The goal of this research is to investigate the effects of triclosan on liposomes. This
effect was measured through the incorporation of the fluorescent probes pyrene and GFP.
Triclosan was dissolved in ethanol; therefore, the effect of ethanol on the vesicles was
also studied. Thymol, menthol, and lysophosphatidy1choline were tested for comparison
studies. The methodology of Kalyanasundarum based on the pyrene IIIII ratio and light
scattering techniques were used to investigate the effect of triclosan on the size of the
vesicles, the permeability of the membrane, and the point of aggregation.
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Chapter 2: Experimental
Materials. All solvents and reagents were purchased from commercial sources.

1,2-Dipalmitoyllycero-3-phosphatidylcholine was purchased from Avanti lipids or
Sigma- Aldrich Chemical Company. Cholesterol, chloroform, pyrene, thymol,
menthol, Conair polypropylene centrifuge tubes and Iysophosphatidylcholine
were purchased from Sigma-Aldrich Chemical Company. Ethanol (95%) was
purchased form Pharmacia. Green fluorescent protein was purchased from
Clontech Biochemical. Triclosan was donated by Ciba Chemical. G-25
Sephadex was purchased from Sigma-Aldrich Chemical Company. Glass beads
were purchased from Alltech Associates. Pyrex glassware was purchased from
Fisher Scientific. Scintillation vials were purchased from Fisher Scientific.
Cuvettes were purchased from Starna Chemical Company. Syringes and
Whatman syringe filters were purchased from Fisher Scienti'fic or Sigma Aldrich
Chemical Company.

Equipment. Starna quartz (Model 70, 1 cm) cuvettes were used for electronic

absorption and fluorescence spectroscopy. A HP 8542A Diode Array
Spectrophotometer was used for collecting electronic absorption spectra. Light
scattering was performed using a Wyatt Dawn EOS Light Scattering
Spectrometer equipped with a quasi-elastic light scattering (OELS) attachment.
The light scattering photometer was equipped with 18 fixed photodiode detectors
at angles ranging from 112 - 1602 was used. The light source was a 30 mW
linearly polarized gallium-arsenide laser with a

vacuum wavelength of 685 nm.
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Static light scattering was measured using multi-angle laser light scattering
(MALLS). The Debye formalism was used to calculate the radii. Intensity
measurements were conducted using no less than 10 angles ranging between
44.0Q and 147Q in batch mode. The collection time was 2 minutes with a

collection interval of 2 seconds. The solvent system was based on the solvent
used to hydrate the film. The sample was normalized using a 5 mg/mL solution
of bovine albumin in water. The system was calibrated using HPLC grade
toluene. For QELS experiments, 50 scans were taken. The scanning rate was
400 channels per s with an acquisition time of 2 s. The sum of the squares error

limit (SOS) was 3000. The temperature was 20QC.

Emission experiments were performed on a Spex Fluorolog- 't2 Spectrofluori
meter with a single grating excitation spectrometer. The light source was a
xenon 450 watt lamp. The spectra were collected with wavelength increments of
1 nm, an integration time of 2 s, 0.5 mm slits and a rhodamine B quantum
counter to account for source variations. The acquisition mode was sample
divided by reference. Three scans were averaged. Two chromophores were
tested, pyrene and green fluorescent protein. For pyrene, the excitation
wavelength was 334 nm. For GFP, the excitation wavelength was 460 nm.
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Vesicle preparation. The method used for vesicle preparation was adapted

from one provided by Avanti Lipids Inc. Dipalmitoylphosphatidylcholine (25.0 mg;
DPPC) and cholesterol (1.25 mg) were dissolved in 5 mL of 0.20 J.lM pyrene in
chloroform. The pyrene concentration was measured using absorption
spectroscopy. Chloroform was removed under rotary evaporation at room
temperature for 30 min. The film was further dried for 3 hr in a Brinkman vacuum
oven at room temperature using dry ice cryo traps. Following solvent removal,
the film was hydrated in 5 mL of the hydrating solvent for 1 hour at 60 IlC. The
hydrating solvent consisted of water or water ethanol solution. See table 4 in
Appendix 1.This produced a multilamellar vesicle (MLV) suspension. The vesicle
suspension was then sonicated on a Fisher Scientific Dismembrator for 15 min at
15% duty cycle and 2 amps. The final concentration of single unilamellar
vesicles (SUV) stock was 6.81 x 10.3 M in the hydrating solvent.
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Chapter 3
Preparation of liposomes and titration with
Iysophosphatidylcholine.
Preparation of liposomes for study. Lipid bilayers, liposomes, are considered

good models of biological cell membranes. The lipids, which are amphiphilic
molecules, tend to associate through non-covalent forces. These surfactants
group together to form spherical aqueous barriers and/or aqueous pockets which
mimic the action of the biological cell membrane. 14 In aqueous media, various
lipid configurations can be formed. The number of carbon chains present, the
shape of the amphiphiles, as well as, the free energy present in the system
dictate the type of aggregate formed.

14-16

The liposomes were prepared by the standard protocol described in the
experimental section, and had radii of -20 nm by mass and -40 nm by intensity
In general, liposomes are composed of amphiphilic lipids which aggregate
together to form semi permeable spherical bilayers. For our purpose, DPPC was
dissolved in aqueous solvent to form single unilamellar liposomes. These
unilamellar liposomes can be small, on the order of 20- 50 nm in radius, or large,
on the order of 50- 10,000 nm. 11 - 14 Our methodology was chosen to yield
liposomes in the range of small unilamellar liposomes according to their radius by
mass. The hydrodynamic radii shown suggests the liposomes were Large
Unilamellar Vesicles, however; the radius by mass is a more appropriate
measurement of the true radius.
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The radius by mass is the average radius based on the mass population and
suggests that the majority of particles fall within this given weight and size range.
The radius based on intenSity is determined based on the intensity contribution
by each particle. Since larger particles scatter more efficiently, the intensity
contribution of the larger particles will be significantly greater than that of the
smaller particles even though there may be more of the smaller particles. Hence
the radius by intenSity is much larger than the simple average mass radius of the
sample but is beneficial in determining the population distribution of the various
particles in solution. The hydrodynamic radius is also based on intensity but
uses a

mono~

exponential model and accounts for the solvent drag of the particle

in solution. It is calculated solely based on the diffusion coefficient of the particles
in solution. This derivation was discussed in the introduction.

Although three different radius calculations are being presented, they are all
different treatments of the same data. The radius by intensity takes the average
intensity and calculates a radius and intensity based polydispersity. The
hydrodynamic radius calculates a radius for each individual slice of data, and
averages them to get an average radius. The radius by mass uses a mass
average to derive an average radius of the particles in solution. Table 3
summarizes the various types of information that is provided by the light
scatterer.
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Figure XI. Example of a Population Histogram
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Disruption studies using IIgm scauermg. Llposomes prepared using the above

methods usually produce liposomes with a radius ranging from 25 nm to 50 nm.
To confirm this size, light scattering techniques were employed.

Static light scattering was measured using multi-angular laser light scattering
(MALLS). The Oebye formulism was used to calculate the radius

For each trial shown below, various variables will be discussed. For definitions of
the Ri, Rg , Rh, Rm, overall % mass, and/or the maximum % mass, see the glossary
in appendix 5.

Disruption studies with pyrene incorporated into the /iposomes. We used pyrene

as a probe based on work by Kalyanasundaram. This molecule has five vibronic
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bands (See Figure XII); each of which illustrate a strong dependence on the
environment.

In the absence of polar solvent, no dipole interaction occurs and

the emission spectra is similar to that of its UV absorbance as governed by the
Frank Condon Principle. However, solute solvent / dipole dipole coupling results
in an increase in the intensity of the O-O-vibronic band. 6
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Figure XII. Emission spectrum of pyrene in Ethanol
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Kalyanasundaram used this information to devise a method of determining the
polarity of the environment surrounding the pyrene molecule. By normalizing the
peak intensities with reference to the 0-0 vibronic band (peak I) they were able to
show that the third vibronic band (peak III) shows the greatest perturbation upon
initiation of solute - solvent dipole interaction. Based on this fact, the ratio of the
bands (111/1) was shown to be an indicator of the polarity of the environment
around pyrene. Using this ratio, Kalyanasundaram tested the 11111 ratio of pyrene
entrapped in micelles in varying solvents ranging from water with a dielectric
constant of 78 to hexane with a dielectric constant of 1.82. In the aqueous
environments the 111/1 ratio was low (in the range of 0.50) while in non-polar
media the ratio increased to 2.00.
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Pyrene was the chromophore tested in the Iysophosphatidylcholine trials. 5 mL
of 0.21lM pyrene in chloroform was used to dissolve the DPPG during the initial
step. The ratio of the 3 rd vibronic band to the 1st vibronic band was measured.
The excitation wavelength was 334 nm. A sample of the emission spectra is
shown above. See table 5 for the corresponding wavelengths.

Table 5. List of wavelengths of vibronic bands of pyrene in water
liposomes
Vibronic Band

Wavelength (nm)

1
2
3
4
5

374 nm
380nm
385nm
390nm
395nm

Model disruption studies with Iysophophatidylcholine. Morris, et. al. ref reported

the disruption of phosphatidylcholine liposomes with Iysophosphatidylcholine.
The course of the disruption and subsequent formation of
Iysophosphatidylcholine micelles was followed by monitoring the fluorescence
spectrum and 111/1 ratio of pyrene incorporated into the lipid bilayer. This provides
a model system for us to evaluate the use of radius measurements via light
scattering as a way to monitor liposome disruption.

The results of the Iyso-phosphatidylcholine (LPG) trials are shown in Figures 1-2.
Aliquots of a 2.0 mglmL solution of LPG in water were titrated into the sample to
yield the concentrations shown below. The radius of gyration and hydrodynamic
radius are shown in figures 1a and 1b. The y- axis of Figure 1a depicts the

45

hydrodynamic radius (nm). The x- axis shows the concentration of LPG. The y
axis of Figure 1b shows the % mass contribution. This represents the percent
mass population of the representative sample. In general, the size of the
liposomes increased with increasing concentration of LPG. The reported
liposome size grew from 59 nm at 0.0 M LPG to 200 nm at 0.06 mM LPG as
shown in 1a. At approximately 0.06 mM, the hydrodynamic radius (closed circles)
began to level off. This radius remained constant at 45 nm throughout the trial.
Figure 1b shows the % mass of the liposomes in the presence of various
concentrations of LPG. At 0.04 mM LPG, the first sign of aggregate formation is
detected. At the maximum concentration of LPG tested, 0.18 mM LPG, - 1.0% of
the sample consisted of hexagonal aggregates. Figure 1c, 1d, and 1e show the
population diagrams of the LPG trials and are shown in appendix 1 . Here we see
that liposomes prepared with no disruptor showed a mono-disperse sample. With
the addition of 0.06 mM LPG to the sample, a second population of aggregates
began to appear. These aggregates appeared at radii smaller than that of the
hexagonalliposomes depicted in the ethanol trials (see chapter 4). The average
radius of these new species was - 500 nm based on intensity. With the further
addition of LPG to the sample, hexagonal aggregates began to appear at 20,000
nm. This corresponds with the size range seen in previous research
corresponds to hexagonal aggregates.

138-140

Emission results are shown in Figure 2. The x- axis shows the concentration of
LPG. These correlate with the concentrations shown in the light scattering and
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the population diagrams in figures 1c, 1d and 1e, of appendix 1. The 111/1 ratio of
the pyrene is shown on the y·axis. The emission of pyrene in water liposomes
with no LPG shows a 111/1 ratio of 0,77, At 0,025 mM LPG, the intensity of this
ratio increased slightly, however it quickly dropped to 0.72 at 0.07 mM LPG, This
is the minimum in the spectra. At 0,10 mM, the ratio increased to 0.80. It
remained fairly steady throughout the rest of the trial. This is consistent with
Morris' data where LPG micelles formed trapping pyrene is a new hydrophobic
region.
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Figure 1a and 1b: Effect of Lysophosphatidylcholine on the
Radius of DPPC Liposomes
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Figure 1a (Top) and Figure 1b (Bottom): The Effect of LPC on the Size of Water Liposomes. Figure 1a
shows the effect of LPC on the hydrodynamic radius and radius of gyration of water liposomes. The closed
circles indicate the hydrodynamic radius. The open circles indicate the radius of gyration. The radius by
mass is indicated by the closed triangles. Figure 1b shows the % mass of the originalliposomes upon LPC
titration and the

%

mass of the larger aggregates upon LPC titration. Black bars denote the former and the

latter is denoted by the gray bars.
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Population Diagrams of DPPC Liposomes with LPC
Figure 1c: Water Liposomes with no LPC
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Figure Ic: Population histograms of water vesicles with no LPC. Vesicles were prepared
as previously described. The radius based on the scattered intensity.
Figure 1d. Water Liposomes with 0.06 mM LPC
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Figure Id: Population histograms of water vesicles with 0.06 mM LPC. Vesicles were
prepared as previously described. The radius based on the scattered intensity.
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Figure Ie: Water Liposomes with 0.12 mM LPC.
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Figure Ie: Population histograms of water vesicles with 0.12 mM LPC. Vesicles were
prepared as previously described. The radius based on the scattered intensity.
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FIGURE 2: The Effect of LPC on the Emission of Pyrene in Water
Liposomes
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Figure 2 shows the effect of LPC on the 3/1 ratio of pyrene in water liposomes.
LPC was titrated into the sample to yield percentages shown here. Fluorescence
experiments performed on a Spex Tau II Spectrofluorimeter.
).,Iemission

"'excitation

= 334 nm;

=374 nm; ).,3emission = 386 nm. Increment = 2 nm. Integration = 1 s. Three

scans were performed and time averaged on each sample. Acquisition mode

=

sir.
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Chapter 4
Ethanol Trials
The effect of ethanol on the structure and stability of liposomes was also
examined. Aliquots of ethanol ranging from 0 to 3.5 mL of 95% ethanol were
titrated into the sample to yield the v/v percentages shown in the Table 4 below.
Table 4. Ethanol Concentrations

The ethanol concentrations represent the total ethanol content (TEC) in the
sample. The ethanol concentrations represented in the Figures range from 0 to
15 M ethanol. In Figures 3, 4, and 5, the effect of ethanol on the size and
population of liposomes with an internal volume to volume concentration of 0%
ethanol, 10% ethanol, and 20% ethanol were examined. The final total volume
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was always 5 mL; therefore, the concentration of DPPC in each sample always
remained the same.

For Figures 3, 4 and 5, the x-axis is the TEe and the left y-axis shows the
hydrodynamic radius of water liposomes. The right y-axis represents the %
mass, i.e. the % population as determined by the mass distribution of liposomes
or the new aggregates. Figure 3 shows the effect of ethanol titration on the size
and % mass distribution of water liposomes. Figure 4 shows the effect of ethanol
titration on the size and % mass distribution of 10% ethanol liposomes. Figure 5
shows the effect of ethanol titration on the size and % mass distribution of 20%
ethanol liposomes. In each trial, the Rm and Rh are shown, as well as, the total %
mass of the respective peak as determined from the population diagrams (shown
later.).

Figures 3D through 3M of the ethanol population histograms shown later in this
chapter. show the intensity and mass based radius distributions of the water
liposome from the previous Figures. These histograms represent the different
populations of particles present in anyone sample. The x-axis represents the
hydrodynamic radius of the particles as a function of intensity or mass. The y
axis represents the % intensity contribution or the % mass contribution of the
represented group of particles. The maximum in the radius by mass peak or
radius by intensity peak represents the largest population of particles in a given
peak and shall be referred to as the MPM (maximum percent mass) for the mass

S3

graphs and MPI (maximum percent intensity) for the intensity graphs. The Ri
and Rm of each peak is also discussed. See Figure XII for an example of the
population diagram.

Titration of ethanol into water liposomes. Figure 3a shows the average Rm of the
liposome peak depicted in Figures 3D through 3M of appendix 2. As discussed in
the introduction, the radius by mass tells us that the mass majority of particles
have the given average radius. The given data for Figures 3a, 3b, and 3c tell us
that with the addition of ethanol, upto three different mass populations of particles
can be formed in the given ethanol concentration range. The liposomes were
stable at a radius of 40 nm through 2.8 M ethanol then expanded steadily
through 14 M ethanol to 170 nm. The total % mass of liposomes denotes the
percent population each peak represented in the population histograms. The total
% mass remained at 100% through 2.8 M ethanol. Beyond this point, the total %
mass showed a steady but slight decrease in population. At 6.0 M ethanol, a
larger decrease in the population of the original liposomes was seen as the total
% mass population fell below 80%. By 8.0 M ethanol, the % mass of liposomes
reached 50 %.

Figure 3b shows the average Rm of the hexagonal peak. The hexagonal peak is
depicted in Figure 3D through 3M of appendix 2 as the second peak and the
peak with a larger radius. hexagonal phase of aggregates were first observed at
2.8 M ethanol. Beyond this point, the average radius by mass of these
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aggregates grew to -37,000 nm. At 6.0 M ethanol, the size of these aggregates
fell slightly to 25,000 nm. At the higher concentrations of ethanol tested, 20% of
the solution consisted of these large hexagonal aggregates. Although not shown
in these Figures, a population of small aggregates was present at a TEe greater
than 5 M and micelle structures were apparent at concentrations larger than 20

M.

Figure 3c tracks the average hydrodynamic radius. This radius was the result of
the intensity contributions for all particles in solution and gives us the total
average particle size and does not account for the presence of different
populations of particles. These liposomes remained stable at -70 nm through
2.8 M ethanol. Between 2.8 M and 8.0 M ethanol, the average hydrodynamic
radius rose to 300 nm. This change in radius results in an abrupt change in slope
at -2.8 M ethanol. The average hydrodynamic radius grew to 833 nm in higher
concentrations of ethanol (not shown). Beyond 8.0 M ethanol, the slope of the
curve returned to -0 indicating that the rate of vesicle growth was much slower
than in the earlier titrations. This graph best depicts the three phases of lipid
particles in ethanol, as will be discussed later.

At 5.0 M ethanol, a second population of aggregates appeared at -30,000 nm
and is best shown in the population histogram 3J shown later in this chapter.
These new particles are hexagonal aggregates. Figure 3k shows the radius by
mass of liposomes with 8.0 M ethanol and indicated that the liposomes averaged
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45 nm. The Maximum Percent Mass (MPM) of the vesicle peak remained at
12% while the MPM of the hexagonal aggregate peak was minimal.

Three populations of aggregates were present at -10M ethanol. The Maximum
Percent Intensity made by the small aggregates was 1.5 % and averaged 0.75
nm. The MPI of the vesicle peak fell to 2.5% but the liposomes grew in size to
-500 nm. The size of the hexagonal aggregates decreased to 20,000 nm and the
MPI grew to >2%. Figure 3M shows the effect of 10M ethanol on the water
liposomes. The total % mass of the small aggregates was 30%. The MPM of
the liposomes and aggregates were minimal.
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FIGURE 3: The Effect of Ethanol on the Radius of Water Liposomes
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Figure 3 shows the effect of ethanol on the radius of water liposomes. Figure 3a
and 3b show the change in size of the original liposomes and the larger
aggregates, respectively. The scatter plot correlates with the left y-axis and
represents the radius by mass. The bar graph correlates with the right y- axis and
represents the % mass population of each sample. Figure 3c shows the average
hydrodynamic radius of the sample.
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POPULATION DIAGRAM OF WATER VESICLES WITH NO
ETHANOL
Fieure 3D
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Figure 3D shows the population diagram of water vesicles with no triclosan. The
solvent was water. The viscosity was based on water. The size distribution is
based on scattering intensity.

Fieure 3E
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Figure 3E shows the population diagram of water vesicles with no triclosan. The
solvent was water. The viscosity was based on water. The graph represents the
radius based on mass distribution.
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POPULATION DIAGRAM OF WATER VESICLES 1.0 M
ETHANOL
Figure 3F
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Figure 3F shows the population histogram of water vesicles with 1.0 Methanol.
The viscosity is based on 10% v/v ethanol. The size distribution is based on
scattering intensity.
Figure 3G
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Figure 3G shows the population histogram of water vesicles with 1.0 Methanol.
The viscosity is based on 10% v/v ethanol. The graph represents the radius
based on mass distribution.
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POPULATION DIAGRAM OF WATER VESICLES WITH 2.8
METHANOL
Figure 3H

OL--.J.--++-+l-I-#t---l--+-I-+-+I+Ij---l--I--++1f-H+j---4
0.01

O.
Rh(ron)

Figure 3H shows the population histograms of water vesicles with 2.8 Methanol.
The viscosity is based on 20% v/v ethanol. The graph represents the intensity
based average radius.

Figure 31
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Figure 31 shows the population histograms of water vesicles with 2.8 Methanol.
The viscosity is based on 20% v/v ethanol. The graph represents the radius
based on mass distribution.

60

POPULATION DIAGRAM OF WATER VESICLES WITH 5.0
METHANOL
Figure 3J
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Figure 3J shows the population histogram of water vesicles with 5.0 Methanol.
The viscosity is based on 30% v/v ethanol. The graph represents the radius
based on intensity.
Figure 3K
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Figure 3K shows the population histogram of water vesicles with 5.0 Methanol.
The viscosity is based on 30% v/v ethanol. The graph represents the radius
based on mass distribution.
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POPULATION DIAGRAM OF WATER VESICLES WITH
8.0 METHANOL
Figure 3L
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Figure 3L shows the population histogram of water vesicles with 8 Methanol.
The viscosity is based on 35% v/v ethanol. The graph represents the % intensity
contribution.

Figure 3M
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Figure 3M shows the population histogram of water vesicles with 8 Methanol.
The viscosity is based on 35% v/v ethanol. The graph represents the radius
based on mass distribution.
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Titration of Ethanol into 10% ethanolliposomes. Figure 4 shows the light
scattering data from 10% ethanol liposomes titrated with ethanol. These
liposomes were prepared as previously described. The solvent was 10% ethanol.
The viscosity of the samples varied with TEe. See table 6 in Appendix 1. The x
axis shows the TEe in moles/liter (M). The y-axis shows the hydrodynamic radius
in nanometers (nm).

As shown, the radius by mass of the 10% ethanol liposomes showed increased
stability in comparison to the liposomes prepared in water. 10% ethanol
liposomes remained stable at 45 nm through 6.0 M ethanol. After which, there
was a steep increase in the slope of the curve. At 9.0 M ethanol, the liposomes
grew in size from 45 nm to 175 nm. These large liposomes were stable in 9.0 M
ethanol. The total % mass of these liposomes fell from 100% at initial tit rations to
30% at 9.5 M. Beyond 9.5 M, the total % mass population of liposomes fell
sharply to less than 1%.

Figure 4b tracks the presence and growth of hexagonal aggregates based on the
population histograms shown in Figures 40 to 4M. The data indicates that
hexagonal aggregates were formed at 6.0 M ethanol. These aggregates had a
radius of 30,000 nm upon formation. The size decreased with increasing TEe.
The total % mass of these aggregates never exceeded 6% of the total mass.
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The 10% ethanolliposomes with no ethanol reported an average hydrodynamic
radius of 92 nm as depicted in Figure 4c. With increasing concentrations of
ethanol, the hydrodynamic radius increased to -100 nm. Between 1.7 Methanol
and 6.0 M ethanol, the liposomes remained fairly steady at 100 nm. At 6.0 M
ethanol, the size of the liposomes grew from -100 nm to 450 nm at 12 Methanol.
Beyond 12 M ethanol, the data was inconclusive due to signal to noise error.
However, the trend in growth did appear to continue. At 60% v/v ethanol the
average radius reported was 1040 nm.
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FIGURE 4:The Effect of Ethanol on 10% Ethanol Liposomes
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Figure 4 shows the effect of ethanol on the radius of 10% ethanolliposomes, Figure 4a
and 4b show the change in size of the 10% ethanolliposomes and the larger aggregates,
respectively. The scatter plot correlates with the left y-axis and represents the radius by mass.
The bar graph correlates with the right y- axis and represents the % mass population of each
sample. Figure 4c shows the average hydrodynamic radius of the sample
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The population histograms of these liposomes are shown in Figures 4D-4M in
appendix 1. Figure 4D shows the population histogram of 10% ethanol liposomes
with no ethanol. One asymmetrical population of liposomes is shown. The peak
shows a median Ri of -105 nm. The MPI maxed out at 5.5%. The radius by mass
appeared at 50 nm as indicated in Figure 4E. The MPM based on Figure 4E was
12%.

At 4.0 M ethanol, the first Ri peak was centered around 115 nm. The second
population peak indicated that the large hexagonal aggregates were between
25,000 nm and 40,000 nm. The radius by mass chart (Figure 4G) showed
similar peak population. The % mass of the vesicle aggregates was significantly
larger than the % mass of the larger hexagonal aggregates. The average radius
by mass of the vesicle aggregates was 60 nm and had a MPM of 12% . The
larger hexagonal aggregates appeared at >20,000 nm and occupy a minimal
portion of the sample.

In 8.0 M ethanol, there were two populations of liposomes present. The MPI of
the larger hexagonal aggregates grew to 2.5 % intensity at its maximum and
remained around 20,000 nm, however, the peak width of the larger aggregates
increased. The MPM of these aggregates remained unchanged. The MPI of the
smaller vesicle aggregates fluctuated between 3-5%. The radius based on
intensity of the smaller vesicle aggregates stayed constant at 115 nm and the
MPM (shown in Figure 41) fell significantly to < 1%. Figure 4J and 4K, show the
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same trend. The MPI of the larger hexagonal aggregates increased to> 4%. The
size remained constant.

In Figures 4L and 4M, we see the formation of a 3 rd population of aggregates at
2.5 nm in the presence of 12 M ethanol. The MPI of these liposomes was less
than that of the original liposomes at 100 nm and the larger aggregates at 20,000
nm. The MPI was significantly larger than the other two peaks.
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POPULATION DIAGRAM OF 10% ETHANOL VESICLES WITH 1.7
METHANOL
Figure4D
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Figure 40 shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with no ethanol added but
prepared in a 1.7 M solution. The viscosity is based on 10% ethanol. The graph
represents the intensity based radius.

Figure 4E
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Figure 4E shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with no ethanol added but
prepared in a 1.7 M solution. The viscosity is based on 10% ethanol. The graph
represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 10°A, ETHANOL VESICLES WITH 4.0
MEthanol
Figure 4F
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Figure 4F shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 4.0 M ethanol. The viscosity is
based on 20% ethanol. The graph represents the intensity based radius.
Figure 4G

o

'----'---'-.I

10

1000

100000

Rh (:run.)

Figure 4G shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 4.0 M ethanol. The viscosity is
based on 20% ethanol. The graph represents the radius based on mass
distribution.
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POPULATION DIAGRAM OF 10% ETHANOL VESICLES WITH 8.0
METHANOL
Figure 4H
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Figure 4H shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 8.0 M ethanol. The viscosity is
based on 30% ethanol. The graph represents the intensity based radius.
Figure 41

o .0e+OO

L----'---1-...L....L

10
Rh(run)

Figure 41 shows the population histogram of 10% ethanol vesicles. The solvent is
10% ethanol. The data represents vesicles with 8.0 M ethanol. The viscosity is
based on 30% ethanol. The graph represents the radius based on mass
distribution.
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POPULATION DIAGRAM OF 100/0 ETHANOL VESICLES WITH 10
METHANOL
Figure 4J
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Figure 4G shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 10M ethanol. The viscosity is
based on 40% ethanol. The graph represents the intensity based radius.
Figure 4H
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Figure 4H shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 10M ethanol. The viscosity is
based on 40% ethanol. The graph represents the radius based on mass
distribution.
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POPULATION DIAGRAM OF 10% ETHANOL VESICLES WITH 12
METHANOL
Figure 41
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Figure 41 shows the population histogram of 10% ethanol vesicles. The solvent is
10% ethanol. The data represents vesicles with 12 M ethanol. The viscosity is
based on 60% ethanol. The graph represents the intensity based radius.

Figure 4J
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Figure 4J shows the population histogram of 10% ethanol vesicles. The solvent
is 10% ethanol. The data represents vesicles with 12 M ethanol. The viscosity is
based on 10% ethanol. The graph represents the radius based on mass
distribution.

72

Titration of Ethanol into 20% ethanolliposomes. Figures Sa, Sb, and Sc show the
results from 20% ethanol liposomes diluted in 20% ethanol. 20% ethanol
liposomes were prepared as previously described. Aliquots of vesicle stock were
diluted in 20% v/v ethanol. Figure S shows the light scattering data of these
liposomes in the presence of various amounts of ethanol. The Rm shown in
Figure Sa shows the liposomes remained stable through 9.0 M ethanol. Beyond
9.0 M ethanol, the Rm increased sharply, reaching 300 nm at -10 M ethanol. The
% mass population of the original liposomes is shown in Figure Sa, as well. The
% mass of these liposomes remained at 100% through 9.S M ethanol. Beyond
this point the population of these liposomes fell sharply to 1.0%.

Figure Sb shows the trend in the growth and population of larger aggregates.
These aggregates were present at the onset of vesicle formation. There size
increased slightly upon initial titrations to 40000 nm. After which, the size of the
liposomes dropped drastically. At the highest TEe, the Rm was -4000 nm - a 9
% drop from the original size of the hexagonal aggregates. The % mass shows
that the larger aggregates occupied a significantly small population prior to 9.0 M
ethanol. Above 9.0 M ethanol, the % mass grew to 1S% at its maximum.
Although not shown in this Figure, a third population of liposomes at 3 nm was
present as indicated in the population histograms.

Figure Sc shows the average hydrodynamic radius of 20% ethanol liposomes.
Based on this data, the size of the liposomes remained constant at -100 nm
throughout most of the trial. At - 9.0 M ethanol, the size increased dramatically to
73

500 nm at - 10M ethanol. This is consistent with data presented from the Rm of
the liposomes.
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FIGURE 5 : The Effect of Ethanol on 20% Ethanol Liposomes
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Figure 5 shows the effect of ethanol on the radius of water liposomes. Figure 5a
and 5b show the change in size of the original 20% ethanol liposomes and the
larger aggregates, respectively. The scatter plot correlates with the left y-axis and
represents the radius by mass. The bar graph correlates with the right y- axis and
represents the % mass population of each sample. Figure 5c shows the average
hydrodynamic radius of the sample.
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In the 20% ethanol trials, the population diagrams shown in Figures 5D-5M show
that at the onset of vesicle formation in 20% v/v ethanol, larger hexagonal
aggregates are present. The x-axis represents the hydrodynamic radius. The y
axis represents the intensity contribution of the liposomes or the % mass
contribution.

Early samples show the presence of two populations of aggregates; one at -100
nm and another at >20,000 nm. At 9.2 M ethanol, (Figure 5G) a third population
of aggregates appeared at 5.0 nm. The MPI of these liposomes was 3.3% at its
maximum which was larger than the other two populations. The MPM was 16%,
which was also significantly larger than the other two populations. At 10.5 M
ethanol, all three populations of particles merged into one single population at
500 nm. Buffer noise is also indicated at 0.1 nm.

Figure 6 compares the % intensity of the ethanol trials. The x axis shows the
TEe of the sample. The y-axis represents the % intensity contribution. The %
intensity of the water liposomes fell from 100% to 50% after 3.0 M ethanol. In
comparison, the 10% ethanol liposomes contributed to 100% of the intensity
through 5.0 M ethanol and the 20 % ethanol liposomes occupied 100% of the
intensity through 7.0 M ethanol. The 10% ethanolliposomes occupied 50% of
the total intensity at 10M ethanol while the 20% ethanol liposomes occupied as
little as 36 % of the total intensity at 10M ethanol.
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POPULATION DIAGRAM OF 20% ETHANOL VESICLES WITH 7.5
METHANOL
Figure 5C
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Figure 5C shows the population histogram of 20% ethanol vesicles in 7.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 30%
ethanol. The graph represents the intensity based radius.

Figure SD
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Figure 50 shows the population histogram of 20% ethanol vesicles in 7.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 30%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 200/0 ETHANOL VESICLES WITH 8.2
METHANOL
Figure 5f
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Figure 5E shows the population histogram of 20% ethanol vesicles in 8.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 40%
ethanol. The graph represents the intensity based radius.

Figure 5F
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Figure 5F shows the population histogram of 20% ethanol vesicles with B.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 40%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 200/0 ETHANOL VESICLES WITH 9.2
METHANOL
Figure 5G
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Figure 5G shows the population histogram of 20% ethanol vesicles 9.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 50%
ethanol. The graph represents the intensity based radius.
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Figure 5H shows the population histogram of 20% ethanol vesicles in 9.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 50%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 20% ETHANOL VESICLES
WITH 10.5 MOL% ETHANOL
Figure 5L
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Figure 51 shows the population histogram of 20% ethanol vesicles in 10.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 60%
ethanol. The graph represents the intensity based radius.

Figure 5J

o
0.01

0.1

10

100

1000

10000

R.h (nm.)

Figure 5J shows the population histogram of 20% ethanol vesicles in 10.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 60%
ethanol. The graph represents the radius based on mass distribution.
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Figure 6: The Effect of Ethanol on the Intensity of Liposomes
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Figure 6 shows the % intensity contribution of each sample in the presence of various amounts
for ethanol. The circles represent the water liposomes, the triangles represent the 10% ethanol
liposomes and the squares represent the 20% ethanolliposomes.
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Disruption studies with pyrene incorporated into the liposomes. Pyrene studies
were performed on the above liposomes and are shown in figures 7,8 , and 9.
The x-axis represents the TEe. The y-axis represents the ratio of the 3 rd vibronic
band to the 1st vibronic band of pyrene. As described earlier, the 3/1 ratio
represents the polarity of the environment around pyrene. The incorporation of
ethanol into the liposome should decrease the polarity in the hydrophobic core
resulting in changes in the 3/1 ratio.

Figure 7 shows the emission spectra of water liposomes in the presence of
ethanol. The 3/1 ratio remained fairly constant at - 0.70 upon initial titration. At

-1.7 M ethanol, the emission of the 3rd band began to decrease substantially,
therefore decreasing the ratio from 0.73 to 0.58. The steep drop in the intensity
spanned the region between 1.7 M ethanol and -3.0 M ethanol. At 3.5 Methanol,
the minimum was reached. Beyond this point, there was a slight but slow
increase in the 3/1 ratio for the remainder of the trial.

82

FIGURE 7: The Effect of Ethanol on the Emission of Pyrene
in Water Liposomes
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Figure 7 shows the effect of ethanol on the 3/1 ratio of pyrene in water
liposomes. The 3/1 ratio is the ratio of the 3 rd vibronic band of pyrene to the 1st •
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
"'excitation

= 334 nm; ",lemission = 374 nm; ",3emission = 386 nm. Increment = 2 nm.

Integration

= 1 s. Three scans were performed and time averaged on each

sample. Acquisition mode =sIr.
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Figure 8 shows the 3/1 ratio of the 10% ethanolliposomes in the presence of
ethanol. The x-axis represents the TEC, the y-axis shows the 3/1 ratio. Upon
initial trials, the 3/1 ratio increased slightly, but quickly fell from 0.90 to 0.60 at
6.0 M ethanol. Beyond this point, the 3/1 increased slightly with increasing TEC.
FIGURE 8: The Effect of Ethanol on the Emission of Pyrene in

10% Ethanol Liposomes
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Figure 8 shows the effect of ethanol on the emission of pyrene in 10% ethanol
liposomes. The 3/1 ratio is the ratio of the 3rd vibronic band of pyrene to the 1st.
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
Aexcitation =

334 nm; Al emission = 374 nm; A 3emission = 386 nm. Increment = 2 nm.

Integration = 1 s. Three scans were performed and time averaged on each
sample. Acquisition mode = sIr.
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Figure 9 shows the emission data from 20% ethanolliposomes. The 3/1 ratio in
20% ethanolliposomes steadily decreased throughout the titration. At early
titrations, the ratio lingered around 0.70. With increasing ethanol, the ratio drops
to as low as 0.35 at the maximum TEe of 10M ethanol. The slope of the curve
at early titrations was less than those at later titrations, but the trend remains
unaltered.
FIGURE 9:The Effect of Ethanol on the Emission of Pyrene
in 20% Ethanol Liposomes
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Figure 9 shows the effect of ethanol on the 3/1 ratio of pyrene in 20% ethanol
liposomes. The 3/1 ratio refers to the ratio of the 3rd vibronic band of pyrene to
that of the 1st Fluorescence experiments performed on a Spex Tau II
Spectrofluorimeter. "'excitation = 334 nm; ", 1emission = 374 nm; ",3 emission =386 nm.
Increment = 2 nm. Integration = 1 s. Three scans were performed and time
averaged on each sample. Acquisition mode = sIr.
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Chapter 5
Triclosan Studies
Triclosan is an antibacterial agent included in a variety of household goods from
soaps to cutting boards. Triclosan functions by inhibiting an enzyme, (Fabl)
which is responsible for lipid biosynthesis. It has been suggested that Triclosan
also causes disruption of cells.

The effect of triclosan on the stability and structure of liposome membranes was
examined in the figures 10-18. Aliquots of a 0.8 mg/mL triclosan in ethanol/water
were titrated into the sample in a similar fashion as described in the ethanol
experiments. Based on the ethanol trials, we were able to determine the
maximum TEe that can be used to dissolve the triclosan. No more than 10% v/v
ethanol was used in any trial.

Triclosan was titrated into water liposomes, 10% ethanolliposomes and 20%
ethanol liposomes. Light scattering and emission studies were performed to
evaluate the effect of triclosan on lipid membranes. In all studies the solvent was
water, 10% v/v ethanol or 20% v/v ethanol. The x-axis shows the concentration
of triclosan. The maximum triclosan concentration tested was 4.0 x 10.4 M. For
the light scattering studies, the y-axis shows the hydrodynamic radius or the
radius of gyration. The viscosity was based on the sample solvent. The
parameters were previously described in the experimental section.
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The second triclosan trial tested the effect of triclosan incorporated into the
vesicle during the formation. DPPC, cholesterol, and various amounts of triclosan
were dissolved in chloroform during the initial step of vesicle preparation. The
film containing triclosan was then dried, hydrated and sonicated as previously
described. Light scattering and emission studies were performed on all samples.

Light Scattering Titration of Triclosan into Water Liposomes. Figure 10a shows
the effect of triclosan on the size of water liposomes. In each sample, the
liposomes were filtered prior to addition of triclosan. The black circles indicate
the hydrodynamic radius. Initially, the hydrodynamic radius (Rh) gave an average
radius of 57 nm. Upon introduction of triclosan into the systems, the size of the
liposomes began to increase dramatically. The average Rh peaked at a triclosan
concentration of 2.0 x 10-4 M, where the liposomes increased to 137 nm. Further
increases in triclosan concentration resulted in a decrease in the liposome
radius.

The radius of gyration (Rg) as determined from MALLS is also shown in figure
10a and is indicated by the open circles. The trend shown is similar to the trend
in the hydrodynamic radius. The size of the liposomes with no triclosan was 58
nm. With the addition of triclosan into the system, the radius of the liposomes
increased to 120 nm. The maximum was reached a 1.5 x 10-4 M triclosan.
Beyond 1.0 x 10-4 M triclosan, the liposomes Rg fell steadily back to 70 nm where
it remained for the remainder of the trial.
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The radius by mass (Rm) of these water liposomes is shown in figure 10b. Here,
we see the Rm of the liposomes with triclosan in the interior compared to those
without triclosan. We see that with increasing amounts of triclosan the radius by
mass of the liposomes with triclosan was significantly larger than those without
triclosan.
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FIGURE 10: The Effect of Triclosan on the Size and Population of
Water Liposomes*
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Figure 10a shows the size of water liposomes in the presence of triclosan. The
radius of gyration is indicated by the triangles. The hydrodynamic radius is
indicated by the circles. Figure 1Ob compares the size of liposomes with triclosan
to the size liposomes with no triclosan. The black bars represent liposomes with
no triclosan in the presence of the prescribed amount of ethanol. The gray bars
represent those liposomes in the presence of triclosan. The concentration of
triclosan is indicated on the x-axis.
* See Table 3 for description of types of data
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Figures A-F shown later in this chapter show the population histograms of water
liposomes in the presence of various concentrations of triclosan. In Figure A, we
see one population of liposomes at 40 nm based on % intensity. This peak
depicts the population of liposomes without triclosan. The Rm was centered
around 23 nm (Figure 8). As triclosan was added, the peak liposomes increased
in size.

At a 1.86 x 10.4 M triclosan (Figure C), a second peak appears at 20,000 nm.
This peak represents larger aggregates forming in solution and was fairly
symmetric with a broad peak width. The MPM of this peak was low (Figure D).
With further titrations, this larger aggregate peak disappeared and the original
peak radius decreased to its original size.

In figure E, we see that the radius of liposomes (based on intensity) with a 4.0 x

10.4 M triclosan was approximately 60 nm. The % intensity of these liposomes in
the presence of triclosan remained fairly constant between 4% and 6%. In the
presence of triclosan, the MPI of the larger aggregates is closer to 1%. Figure F
show the radius by mass of water liposomes with 4.0 x 10.4 M triclosan. The
radius by mass fell to 19 nm. The radius by mass of the larger aggregates
remained around 20,000 nm.

Preliminary Study: Radius of water vesicles with triclosan incorporated in to
liposome during preparation. Figure 20 shows the effect of triclosan incorporated
into the vesicle during the preparation. The radius of liposomes with no triclosan
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was -40 nm. With increasing amounts of triclosan incorporated into the
preparation, the size of the liposomes increased to as large as 118 nm at 1.5 x
10-4 M. At 2.0 x 10-4 M, the radius fell back to - 40 nm and remained there for the
rest of the trial.

FIGURE 10b: The Effect of Triclosan incorporated in DPPC liposomes on
the size of water liposomes
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Figure 24 shows the radius of water liposomes with triclosan incorporated into
the vesicle during preparation. Aliquots of triclosan were added to the sample to
yield the concentrations shown here. The liposomes were filtered through 0.2 J.!M
Whatman syringe filters.
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Light Scattering: Titration of Triclosan into 10% Ethanol Liposomes Figure 11a
shows the effect of triclosan on the size of 10% ethanol liposomes. The
viscosities of these samples were based on 10% v/v ethanol. The radius of these
liposomes in the absence of triclosan was approximately 50 nm. With the
addition of triclosan, the liposomes increased in size but not as significantly as
seen in the water liposomes trial. The maximum radius was reached at a 2.5 x
10-4 M. At this point, the liposomes increased to 66 nm. Beyond this point, the
liposomes average reported radius remained - 60 nm. The triclosan
concentration scale ranges from 0.0 - 4.0 x 10-4 M. Beyond 4.0 x 10-4 M (not
shown) the size increased to 70 nm and remains constant through 6.0 x 10-4 M.

Figure 11 b compares liposomes with triclosan entrapped in the hydrophobic core
to standard liposomes with no triclosan present. Just as in the water trials we
see a large difference in size is observed. Liposomes with triclosan in the bilayer
were twice as large as those without. However, the trend ingrowth of liposomes
is not proportional to triclosan addition as seen in the water trials.
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FIGURE 11 :The Effect of Triclosan on Size and Population of
10% Ethanol Liposomes*
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Figure 11 a shows the size of 10% ethanol liposomes in the presence of triclosan.
The radius of gyration is indicated by the white circles. The hydrodynamic radius
is indicated by the black circles. Figure 11 b compares the effect of triclosan on
the size of 10% ethanol liposomes to liposomes with no triclosan. The black bars
represent liposomes with no triclosan in the presence of the prescribed amount
of ethanol. The gray bars represent those liposomes in the presence of triclosan.
The concentration of triclosan is indicated on the x-axis.
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The population histograms for the 10% ethanol trials are shown in figures G-N.
Unlike in the water liposomes trials, the histograms for the 10% ethanol
liposomes showed no aggregation in the presence of triclosan. The blank 10%
ethanolliposomes have a radius of approximately 35 nm. The MPI of these
liposomes lingered around 6% in the blank liposomes. With increasing triclosan
concentration, this percent remained constant. The peak did migrate towards
higher radii. At 1.40 x 10-4 M, the radius based on intensity increased to 45 nm.
At 4.0 x 10-4 M, the radius based on intensity is 55 nm.

The MPM followed the same trend with the exception of the last histogram, which
suggests liposomes in the presence of 4.0 x 10-4 M. Between 0.0 and 4.0 x 10-4
M, the radius by mass increased from 19 nm to 25 nm. In this instance, the %
mass decreased substantially: this is due to increase in buffer noise.

Light scattering: Titration of Triclosan into 20% Ethanol Liposomes The results of
the 20% ethanolliposomes in the presence of triclosan are shown in figures 12.
Figure 12a shows the effect of triclosan on the size of 20% ethanol liposomes.
The viscosity is based on the solvent. The solvent was 20% v/v ethanol. The
radius of blank 20% ethanolliposomes was 87 nm. With the incorporation of
triclosan, this radius remained unchanged. As shown in figure 12a, the radius is
not significantly altered in the presence of triclosan. The radius of gyration also
remained constant at -85 nm throughout the trial.
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Figure 12b compares 20% ethanol liposomes with triclosan to those with out.
Again we see a significant difference in size of the triclosan liposomes to those
without. This graph follows the same trend as the 10% ethanol liposomes where
the trend is non proportional to triclosan addition. However, the sizes of the
triclosan liposomes are still nearly twice as large as those without through 3.0 x
10.4 M triclosan
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FIGURE 12: The Effect of Triclosan on the Size of 20% Ethanol Liposomes*
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Figure 12a shows the effect of triclosan on the size of 20% ethanolliposomes. The liposomes
were filtered through 0.2 J..lM Whatman syringe filters prior to triclosan titration. Figure 12b
compares the effect of triclosan on 10% ethanol liposomes to 10% ethanol liposomes without
triclosan. The black bars represent the liposomes with no triclosan. The gray bars represent the
liposomes with triclosan.

* See Table 3 for description of types of data
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The population histograms confirm this trend. Throughout the trial, one peak is
shown. This peak migrated to higher radii with increasing triclosan concentration.
The MPI indicates that the blank 20% ethanolliposomes have a radius of 60 nm.
At 4.0 x 10-4 M, the radius based on intensity increased to 100 nm. The radius by
mass remained constant at 50 nm throughout the trial. The MPI of the peak also
remained the same in all samples except the 4.0 x 10-4 M sample. Here a buffer
noise peak was present, thereby affecting the MPI of the original population of
liposomes.
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POPULATION DIAGRAM OF 200/0 ETHANOL VESICLES WITH 7.5
METHANOL
Figure 5C
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Figure 5C shows the population histogram of 20% ethanol vesicles in 7.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 30%
ethanol. The graph represents the intensity based radius.
Figure 5D
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Figure 5D shows the population histogram of 20% ethanol vesicles in 7.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 30%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 20°A, ETHANOL VESICLES WITH 8.2
METHANOL
FigureSE
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Figure SE shows the population histogram of 20% ethanol vesicles in 8.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 40%
ethanol. The graph represents the intensity based radius.

Figure SF
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Figure SF shows the population histogram of 20% ethanol vesicles with 8.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 40%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 20% ETHANOL VESICLES
WITH 9.2 METHANOL
Figure 5G
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Figure 5G shows the population histogram of 20% ethanol vesicles 9.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 50%
ethanol. The graph represents the intensity based radius.
Figure 5H
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Figure 5H shows the population histogram of 20% ethanol vesicles in 9.2 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 50%
ethanol. The graph represents the radius based on mass distribution.
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POPULATION DIAGRAM OF 200/0 ETHANOL VESICLES
WITH 10.5 MOL% ETHANOL

o
0.01

10

0.1

100

Rh(mn)

Figure 5L
Figure 51 shows the population histogram of 20% ethanol vesicles in 10.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 60%
ethanol. The graph represents the intenSity based radius.
Figure 5J
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Figure 5J shows the population histogram of 20% ethanol vesicles in 10.5 M
ethanol. The solvent was 20% v/v ethanol. The viscosity is based on 60%
ethanol. The graph represents the radius based on mass distribution.
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Disruption of DPPC water liposomes by tric/osan as determined through
emission studies. For the emission studies, two probes were used; pyrene, which
occupies the hydrophobic core, and GFP, which occupies the inner aqueous
core. The y- axis in the pyrene studies is the 111/1 ratio of the vibronic bands. The
y- axis in the GFP studies is the ratio of the intensity of shoulder peak at 530 nm
to the ratio of the emission peak at 510 nm.

FIGURE 13: "rhe Effect of Triclosan on the Emission of Pyrene
In Water Uposomes*

0.86

...... ~ ........ , ., ...... . .................................................

0.84

...... , ..................... ' .. ,

. ....... ~ ..

"0

••

,

••••••••••

0.82

~

0.80

.B
o
-.;:::

0.78

rP.
~

0.76
0.74

0.72

........ ~.,.~

0.70

, ... , .. , . .

o

2
3
Triclosan [1x 10. 4 Ml

4

5

Figure 13 shows the 111/1 Ratio of pyrene in water liposomes titrated with triclosan.
Samples were filtered through 0.2 J-lm Millipore filters. Aliquots of a 0.8 mg/ml
triclosan in >5% ethanol and water solutions were titrated into sample.
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
"'excitation =

334 nm; ",'emission = 374 nm;

Integration

A,semission=

386 nm. Increment = 2 nm.

= 1 s. Three scans were performed and time averaged on each

sample. Acquisition mode = sIr.
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Green fluorescent protein (GFP) was used as the second chromophore. GFP
occupies the aqueous core of the vesicle. 50 JlL of a 1 mg/mL solution of GFP
was added to the 5 ml MLV suspension. The GFPI DPPC solution was then
sonicated as previously described. Samples were prepared as previously
described in the experimental section.

The emission experiments of water liposomes are shown in figure 13 through 15
Figure 13 shows the effect of triclosan on the environment surrounding pyrene.
Liposomes were filtered prior to addition of triclosan into the system. The blank
system, with no triclosan gave an 11111 ratio of 0.70. Upon introduction of triclosan
into the system, the ratio increased to 0.84 at 1.0 x 10 -4 M triclosan. Beyond
this point, the 111/1 ratio fell to 0.78 and slowly increased with remaining titrations.

In figures 14 and 15, we see the effect of triclosan on the emission of GFP.
Figure 14 shows a 3D comparison of the spectra with increasing triclosan.
Figure 14 indicates that at 1.5 x 10-4 M, the intensity of the 530 nm shoulder peak
was equal to the intensity of the 510 nm emission peak. This is consistent with
figure 13, which shows a 11111 ratio of 0.84 at this concentration. We see the
shape of the spectra change with increasing triclosan. The intensity of both the
shoulder and the 510 nm emission peaks continued to increase throughout the
trial. However, the intensity of the 530 nm shoulder peak began to overshadow
the 510 nm emission peak.
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FIGURE 14:The Effect of Triclosan on the Emission of
GFP in Water Liposomes
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Figure 14 shows the spectra of GFP in water liposomes. Sample was filtered
through 0.2 Om Millipore filters prior to triclosan titration. Aliquots of a 0.8 mglml
triclosan in <5% ethanol and water solutions were titrated into sample.
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
Aexcitation=

460 nm;

AJemission =

510 nm; A 3emission= 530 nm. Increment = 2 nm.

Integration = 1 s. Three scans were performed and time averaged on each
sample. Acquisition mode = sIr.

104

Figure 15 shows the effect of triclosan on the ratio of the 530 nm 530 nm
shoulder peak to the 510 nm emission peak. We see in figure that between 1.0 x
10-4 M and 2.0 x 10-4 M, a drastic change in the emission of GFP takes place.
Prior to a 1.0 mole ratio, the shoulder emitted less than the 510 nm emission
peak. At 1.0 x 10-4 M, the intensity of the 510 nm emission peak fell and
continues to decrease through 2.0 x 10-4 which results in an increase in the peak
ratio. Beyond this point, the ratio remained constant. This is indicated by the
leveling out of the ratio at 2.0 x 10-4 M.
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FIGURE 15: The Effect of Triclosan on GFP Emission in Water Liposomes
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Figure 15 shows the ratio of the 510 nm emission peak: 530 nm shoulder peak
of GFP in water liposomes titrated with triclosan. The liposomes were prepared
as previously described. The 510 nm emission peak has a wavelength of 510
nm, the 530 nm shoulder peak has a wavelength of 530 nm. The trial shows
liposomes filtered through 0.2 Jlm Whatman syringe filters after each aliquot.
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
Aexcitation

=460 nm; A'emission =510 nm; A 3emission = 530 nm. Increment = 2 nm.

Integration = 1 s. Three scans were performed and time averaged on each
sample. Acquisition mode =

sir.
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Disruption of DPPG 10% ethano/liposomes by tric/osan as determined through
emission studies. The emission of 10% ethanol liposomes upon addition of
triclosan is shown in figures 16 through 18. The 111/1 ratio is depicted in figure 16.
The spectrum of GFP with increasing concentrations of triclosan is shown in
figure 17. The ratio of GFP emission (530 nm shoulder peak to 510 nm emission
peak) is shown in figure 18. Figure 16 indicates that blank 10% ethanol
liposomes gave an intensity of 0.81 . With the addition of triclosan, the 111/1 ratio
increased. The maximum is reached at 2.0 x 10-4 M, which presents a 11111 ratio of
0.87. The 111/1 ratio remained constant through 2.2 x 10-4 M. At this point, the 111/1
ratio dropped significantly back to the original intensity.
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FIGURE 16 :The Effect of Triclosan on Pyrene Emission in
10% Ethanol Liposomes
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Figure 16 shows the emission of pyrene in water liposomes titrated with triclosan.
Fluorescence experiments performed on a Spex Tau II Spectrofluorimeter.
Aexcitation= 334

Integration

nm; A1emission =

374

nm; A 3emission =

386

nm. Increment

= 2

nm.

=1 s. Three scans were performed and time averaged on each

sample. Acquisition mode

=sir.
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The emission of GFP is shown in figures 17 and 18. A 3D comparison of the
spectra of GFP is shown in figure 17. Here, we see that with increasing triclosan
concentration, the intensity of the spectra increased. More pertinently, the
intensity of the 530 nm shoulder peak at 530 nm increased in comparison to the
intensity of the emission peak at 510 nm.
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FIGURE 17: The Effect of Triclosan on GFP Emission
in 10% Ethanol Liposomes
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Figure 17 shows the emission spectra of 10% ethanolliposomes. The liposomes
were prepared as previously described. The emission peak has a wavelength of
510 nm, the 530 nm shoulder peak has a wavelength of 530 nm. Liposomes
were filtered through 0.2 Ilm Whatman syringe filters after each aliquot.
Fluorescence experiments performed on a Spex Tau" Spectrofluorimeter.
Aexcitation=

460 nm;

Integration

A1emission =

510 nm;

3
A em ission=

530 nm. Increment

=

2 nm.

= 1 s. Three scans were performed and time averaged on each

sample. Acquisition mode

= sir.
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Figure 18 shows the ratio of the GFP emission. The ratio of GFP emission
decreased initially but than increased with increasing triclosan concentration
beyond 0.75 x 10.4 M. The GFP ratio increased from 0.86 to 1.15 at 1.5 x 10.4
M. The GFP ratio reached its maximum 1.17 at 2.25 x 10-4 M± 0.2.

FIGURE 18: The Effect of Triclosan on GFP Emission
in 10% Ethanol Liposomes
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Figure 18 shows the emission spectra of GFP in 10% ethanolliposomes. The
liposomes were prepared as previously described. The emission peak has a
wavelength of 510 nm, the 530 nm shoulder peak has a wavelength of 530 nm.
The sample was passed through 0.2 Jlm Whatman syringe filters prior each
titration. Fluorescence experiments performed on a Spex Tau II
Spectrofluorimeter.

Aexcitation = 460

Increment = 2 nm. Integration

nm;

A1emission

= 510 nm;

3
A emission = 530

nm.

= 1 s. Three scans were performed and time

averaged on each sample. Acquisition mode = sir.
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The emission of 20% ethanolliposomes is shown in figure 19. The emission of
pyrene shows a gradual increase with increasing triclosan ratio. Blank 20%
ethanolliposomes show a 111/1 ratio of 0.66. The ratio remained there through
0.70 x 10-4 M and then began to increase. Between 1.0 x 10-4 M and 2.2 x 10-4 M,
the ratio increases from 0.66 to 0.78. It remains at 0.78 for the remainder of
the trial.
FIGURE 19: The Effect of Triclosan on Pyrene Emission in
20% Ethanol Liposomes
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Figure 19 shows the emission of pyrene in water liposomes titrated with triclosan.
95% Ethanol was titrated in to the percentages shown here. Fluorescence
experiments performed on a Spex Tau II Spectrofluorimeter. "'excitation = 334 nm;
",lemission

= 374 nm; ",3 emission = 386 nm. Increment = 2 nm. Integration = 1 s. Three

scans were performed and time averaged on each sample. Acquisition mode =

sir.
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Chapter 6: Other Disruptors
The effect of thymol and menthol on the structure and stability of DPPC vesicles
was measured using light scattering and emission studies. Either Thymol or
menthol was dissolved in water to yield a 1 mg/ mL solution. Aliquots of this stock
solution was then titrated into the sample producing a 10 mL solution. Table 9
shows the concentrations of thymol or menthol added to the solution. Water was
the solvent.

Thymol and menthol have previously been used as antimicrobial agents in oral
care products. They have been shown to be effectively trapped in liposomes and
delivered through an efflux pump in order to attack oral bacteria. We studied the
thymol and menthol trapping efficiencies of DPPC lipids in water suspensions.
The results are shown below.

Titration of thymol into water Iiposomes. Figure 21 shows the results from the
addition of aliquots of a 1.0 mg/mL solution of thymol in water to water
liposomes. The data indicates the liposomes were stable upon initial titrations. At
approximately 4.0 mM thymol, the size of the liposomes grew substantially from
-40 nm to 99 nm. Beyond this point, the slope of the curve leveled out again
suggesting little aggregation beyond this point. It should be noted that the radius
by mass of these liposomes shows little variation throughout the trial. This can be
seen Figure 20b shown in the bottom right hand corner of the Figure 21.
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Figure 21: Effect of Thymol on the Size of Water Liposomes
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Figure 21 shows the effect of thymol on DPPC liposomes in water. Aliquots of a 1.0 mg/mL of
thymol in water stock solution were added to 150 III of DPPC in water. Liposomes were filtered
through 0.2 Jlm Whatman syringe filters. The data represents the hydrodynamic radius in
nanometers. Figure 20b is shown in bottom right hand corner of figure 20 and depicts the radius
by mass of the liposomes/ thymol sample.
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Figure 22 shows the emission of pyrene upon introduction of thymol into water
liposomes. With the addition of thymol into the system, the 3/1 ratio of pyrene
dropped from 0.69 at 0.0 mM thymol to 0.45 at 7.4 mM thymol.

Figure 22: Effect of Thymol on the Emission of Pyrene in Water Liposomes
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Figure 22 shows the effect of thymol on the emission of pyrene in DPPC liposomes in water.
Aliquots of a 1.0 mg/mL of thymol in water stock solution were added to 150
Liposomes were filtered through 0.2

~m

~I

of DPPC in water.

Whatman syringe filters. The data represents the

hydrodynamic radius in nanometers.
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Titration of menthol into water liposomes. Figure 23 shows the hydrodynamic
radius of water liposomes in the presence of aliquots of 1.0 mg/mL menthol. This
experiment was performed in the same manner as the thymol experiment. The
data indicates that, unlike in the thymol trials, menthol has an immediate effect
on the stability of water liposomes. The radius grew from 50 nm at initial titrations
to 175 nm at 3 mM menthol. Beyond this point, the liposomes decreased back to
the initial size. The radius by mass, indicated in figure 23b follows the same
trend in growth as the hydrodynamic radius.

The emission of pyrene in water liposomes titrated with menthol is shown in
figure 23. Here we see that with addition of menthol, the 3/1 ratio increased
slightly from 0.65 to 0.80. Beyond this the ratio fell back to 0.70 .
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Figure 23: Effect of Menthol on the Size of Water Liposomes
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Figure 23 shows the effect of menthol on the size of DPPC liposomes in water. Aliquots of a 1.0
mg/mL of menthol in water stock solution were added to 150 MI of DPPC in water. The data
represents the hydrodynamic radius in nanometers. Figure 23b is shown in the bottom right hand
corner of the above figure and represents the radius by mass of the vesicle sample upon addition
of menthol.
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Figure 24: Effect of Menthol on the Emission of Pyrene in Water Liposomes
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Figure 24 shows the effect of menthol on the 3/1 ratio pf pyrene in of DPPC liposomes in water.
Aliquots of a 1.0 mg/mL of menthol in water stock solution were added to 150 J..I.I of DPPC in
water. Liposomes were filtered through 0.2 J.U1l Whatman syringe filters The data represents the
hydrodynamic radius in nanometers.
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Chapter 7: Discussion
Vesicle Geometry
The structure and size of liposomes are governed by various contributing factors
that force the lipids into a spherical configuration. One of the most basic driving
forces is often defined as the wedge theory. The wedge theory suggest that due
to the 'wedge' like shape of double acyl chained lipid heads, the only possible
configuration is a spherical structure. Extensities and variations of this theory are
numerous, but all are lead on the geometrical formulas as discussed below.

Vesicles prepared using the method described in the experimental section
generally range from 40 nm - 80 nm in diameter. 50,51 Under stressed conditions,
they are subject to fusion upon collision with other molecules in solution. 52b
Aggregates are also prone to forming under certain conditions. 50-55 • The critical
radius (Re) can be defined as the radius below which vesicles cannot curve. 16

Ie
Re -- ----------------------
(1 - vi a o Ie)

(3)

where Ie = the critical chain length
v

= hydrocarbon volume

ao = optimal head group area

The critical chain length represents the maximum length at which a hydrocarbon
chain can remain fluid. This maximum can be set to be slightly less than the
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maximum molecular chain length. Therefore, for a saturated hydrocarbon chain
with "n' carbon atoms, the following holds true.
Le~ Imax ::::

16

(0.154 + 0.1265n) nm

(4)

and
v:::: (27.4 + 26.9n) x 10.3 nm 3
For DPPC vesicles, the lipid is a 1,2-Dipalmitoyl-rac-glycero-3-phosphocholine.
The chain length is 16 carbons long. Therefore n = 16. The optimal head group
area can be calculated from the area of the interfacial surface area of the lipid.
So

Ie

~

0.154 + 0.1265 (16) = 2.178 nm
and

v:::: (27.4 + 26.0(16) x 10-3 = 0.4434 nm 3
n= number of carbons = 16

The optimal head group area (ao) can be calculated based on bond lengths of the
polar head. Using Hyperchem, we were able to determine the diameter of the
head group as 0.56 nm

ao = the optimal head group area = 1t
Head group diameter
ao = (0.56/2)2 x

r2

= 0.56 nm

1t

ao=0.25 nm
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(5)

Using these three parameters, we were able to calculate a critical radius.
2.178 nm

Rc

= ---------------------------------- = 12.49 nm
(1- 0.4434/0.2481 x 2.178)

Therefore, below 12.49 nm, the vesicle conformation is impossible. The
aggregation number (M) is the number of lipids or molecules that make up one
vesicle. 16. 56
M :::: 4 1t [Rc2+ (Rc - t)2] /

ao = # molecules / vesicle

(6)

Where the hydrocarbon thickness (t) is:
t

= 2 v / ao = (2 x 0.4434)/0.2481 = 3.574 nm

(7)

Using Avagadro's number (N), we can calculate the number of vesicles in a
solution. 6
N x 1/ M x Moles of DPPC = # of Vesicles

(8)

=

Molecules
Vesicle
Moles of DPPC
-------------- x -------------- x ------------------------Moles
Molecules

= # Vesicles

The aggregation for DPPC vesicles is calculated below.
41t [(12.49)2 + (12.49 - 3.574)2]

M=

molecules
11900

0.2481

vesicles

Since M is based on the critical radius, then 11,900 molecules is the minimum
number of molecules necessary to form a DPPC vesicle. The maximum total
number of vesicles is, therefore 5.160 x 1013 •
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Disruption of Liposomes by Lysophosphatidylcholine. Lysophosphatidylcholine
(LPC) is a single chained analogue of DPPC. The structure is shown below. Take
note of the hydroxyl group* off the CH group. This molecule is slightly more polar
than DPPC but still constitutes a single chained amphiphile.

Figure IX: Structure of Lysophosphatidylcholine

* CHOH

o
II

CH 3
1+

CH 2 0 - P - OCH 2CH 2NCH 3
I

0-

I

CH 3

R = Fatty Acid Residue

This amphiphilic nature allows for the LPC to incorporate itself into the
membrane of the vesicle with the choline group acting as the polar head. The OH
group would occupy the rim of the membrane. This interaction offsets the
hydrophobic effect of the alkyl chains. Three factors account for the disruption of
the membrane.
•

The LPC molecule squeezes into the membrane allowing for gaps in the
structure.

•

The OH group adds a degree of polarity to the rim of the membrane and
therefore decreases the interaction between the alkyl chains at this area.
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•

Cholesterol, which is added to stabilize the membrane, has been shown to
form micelles with LPC.

4-6

Therefore when LPC is added to the system,

cholesterol will be pulled away from the vesicle in order to form the more
energetically favorable micelle with LPC leaving a destabilized vesicle.

Morris et. al. has shown that the incorporation of LPC leads to a decrease in the

3/1 ratio of pyrene in water liposomes at 35 mol% LPC. See Figure X. He
showed that as the observed iiill ratio decreased, the liposomes became leaky
and began to aggregate into micelles. Micelles were completely formed by 40
mol%LPC.

Figure X: Effect of LPC on the Emission of Pyrene
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The LPC results are shown in Figures 1 and 2 of chapter 1. For the LPC trials,
we added aliquots of a 2.0 mg/ml solution of LPC in water to water liposomes.
Although, the radius of gyration from MALLS indicated little or no change in the
radius with the addition of LPC, the hydrodynamic radius showed a clear
exponential relationship between size and concentration of LPC.
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This suggested that the radius of the liposomes grew with increasing
concentration of LPC. However, it is more likely that the liposome is binding
more water molecules to the surface, i.e. more solvent is being dragged along
with the liposome. The emission of pyrene upon addition of LPC to water
liposomes is shown in Figure 2 in chapter 1. We know that the 3/1 ratio is an
indication of polarity at the rim of the membrane. That conSidered, a decrease in
the 3/1 ratio indicates an increase in the polarity of the rim and therefore, a
weakening of the membrane. So from Figure 2 (p 44), we can conclude that
between the addition of 0.03 mM and 0.06 mM LPC, the polarity of the
membrane increased suggesting weakened interactions between alkyl chains
and polar heads. This decrease in the 3/1 ratio correlates to the liquid phase as
previously determined. Three phases are indicated; the initial gel phase, a larger
weaker liquid phase and the final micelle phase. This can be interpreted based
on the work of Morris and Kalyanasundarum. 4548

The emission studies on LPC/DPPC liposomes present similar results to the
Morris et al trial shown above. With the incorporation of LPC, the emission ratio
dropped initially and then increased back to its original intenSity. Morris et al
indicates that this correlates with aggregate formation with the point of intensity
loss correlating with the minimum inhibitory concentration (MIC). For our trials,
the MIC would be 0.06 mM. This matches what we see in the LS trials, where
0.06 mM is the point of aggregate formation.
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Li and researchers have suggested that a fluorophore trapped in a stressed
vesicle will migrate to an area of less stress. In the case of DPPG liposomes, this
area is the deep region hydrophobic core. So an increase in the 3/1 ratio may
indicate a stressed vesicle and/or the formation of a new aggregate. In the case
of a new aggregate, the 3/1 ratio should be larger than reported for LPG trapped
liposomes. However, a bimodal system may exist. In which case, the 3/1 ratio of
the swollen liposomes with pyrene still present at the rim may overwhelm the 3/1
ratio presented by the new aggregates. The same theory may apply to the case
of relocated fluorophore. Hence, the population diagrams can discriminate
between the options.

With increasing LPG concentration, the hydrodynamic radius of liposomes
increased sharply at initial titrations. This indicated the increased surface area of
the liposome. As mentioned earlier, this suggests water is binding to the outside
of the liposome and therefore more water molecules are being dragged. LPG
occupied the lipid core of the membrane and caused the interactions between
polar heads to weaken. The Rm of the LPG titrated into liposomes was also
shown in Figure 1a. The average radius of the liposomes increased, however,
the Rm did not. The population histograms indicated the presence of two intensity
based peaks at 0.06 mM and three intensity based peaks at 0.12 mM. This
confirms the presence of larger aggregates in solution. These larger aggregates
are -500 nm large and may not be hexagonal aggregates or at least the same
type of hexagonal aggregate as those we see in the ethanol experiment
discussed later. The peaks based on mass (not shown) indicate that the majority
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of particles in solution have the same % mass as the original liposomes but
larger sizes, and in the case of 0.12 rnM, true hexagonal aggregates only
occupy a very small percent of the sample. They are most likely a network of
inverted micelles or LPC/cholesterol micelles.

Disruption of Liposomes by Ethanol. Ethanol and other alcohols have been

shown to induce the liquid to hexagonal transition (La-~HII )4, The hexagonal
phase Figure V consists of lipids in the inverted micelle or hexagonal rod
configuration. See Table 1 (p. 12) for examples of hexagonal structures. Figure
VC is a network of inverted micelles bound by the attraction between alkyl
chains. Figures Vd and Ve show hexagonal rods. The stability of these rods is
linked to the hydrophobic effect.

Previous research has indicated that ethanol has a signi'ficant effect on the
structure of lipid aggregates. Ethanol has been shown to change the lipid
interaction in micelle surfaces by intercalating between polar heads. 96 ,97 This, in
turn, changes the size of the liposome. The alcohol molecules will then replace
the water molecules bound the surface and therefore change the dielectric
constant. 47 , 97 Based on the data presented in Figure 3, the same three effects
are seen with liposomes. With the incorporation of ethanol, the interactions
between the polar heads were weakened, and the surface area was increased.
However, at the point of maximum capacity and/or the point at which the alkyl
chains of the surfactant were exposed to aqueous solvent molecules, a
reconfiguration of the lipids occurred. We identify this point as the minimum
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inhibitory concentration (MIC).99, 113This is the minimum concentration of
disruptor, in this case, ethanol, that is necessary to initiate a change in
aggregation.

Kinoshita and researchers have shown that ethanol shifts the gel to liquid phase
transition to lower temperatures but shifts the liquid to hexagonal phase transition
to higher temperatures. Kinoshita has also shown that alcohols increase the
liquid to hexagonal phase transition temperature.

122-136

Figure 3 (p 48) shows the LS data of water liposomes titrated with ethanol.
Figure 3a shows the Rm of the original liposomes, Figure 3b shows the Rm of the
larger hexagonal aggregates, and Figure 3c shows the average hydrodynamic
radius of the sample. The Rm of the original liposomes remained stable prior to
3.0 M ethanol. At that concentration, the average hydrodynamic radius increased
sharply to greater than 250 nm. The Rm of the liposomes continued to increase
as well, growing to 160 nm. This suggests the continued swelling of the
liposomes.

Also, as seen in Figure 3b, the Rm of the larger aggregates increased sharply at
2.5 M ethanol. At 4.0 M ethanol, the average size of the aggregates began to
level off. These results combined with the Kinoshita data, indicated the formation
of new phase.
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In Figure 3c, beyond 3.0 M ethanol, the average hydrodynamic radius increased
to 300 nm and then leveled off. At 6.0 M ethanol, the average radius stabilized
at 300 nm and remained there for the rest of the trial.

Combined, these results suggest that
•

Smaller aggregates were being formed, thereby competing with the
formation of the larger aggregates and stabilizing the reported
average hydrodynamic radius. This can be inferred from the from
the population diagrams which show a population of micelle like
aggregates appearing in the presence of 8.0 Methanol.

•

The liposomes reach some critical concentration of ethanol before
the transition from the liquid to hexagonal phase is initiated.

Three distinct phases are depicted in all three radius charts shown in Figure 3.
The three phases of vesicle transformation are most clearly seen in Figure 3c.

Figure XI: Phases of Lipid Growth
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Based on the LS data alone, we concluded that during segment A, the liposomes
were in the stable gel phase. The lipids were in a rigid conformation and
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impermeable to aqueous solvent. However, we learned through the emission
trials that, imbedded within this segment, is the gel to liquid phase transition.
During this phase transition, the lipids rigidity, but not structure, was lost. The gel
to liquid phase transition is better examined by emission studies.

During segment B, the liposomes were swelling in size. With the continual
increase in size, the interactions between the polar heads were decreasing and
the distance, or spacing, between polar heads was increasing. This segment
depicts a mixed phase of lipids. Therefore, based on the van der Waals equation
described earlier, the W (D) is decreasing. It can therefore be said that the
strength of these forces is decreasing proportionally with increasing size. See
Figure below.

Figure XII: Head Group Repulsion
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The transition to the hexagonal phase (Segment C) has been suggested to be
caused by a loss in cUlVature as a result of the increased area of the polar head
group. Such a process would decrease the form factor as a result of a change in
geometrical packing. 14.16 As mentioned earlier, the incorporation of ethanol into a
DPPC vesicle system should decrease the liquid to hexagonal phase transition
temperature and therefore delay the formation of hexagonal structures. 122-134
Based on the Kinoshita data, > 13% v/v ethanol leads to the formation of
hexagonal structures.130-134

In our data, we see that at -5 Methanol (15 % v/v ethanol), a new type of
aggregate had been formed. This aggregate has an increased average vesicle
size (300 nm). However, this does not mean that the particles in solution are 300
nm large.

The radius given by QELS is an average of all radii determined by the intensity.
The total intensity produced by the sample during the 2-second acquisition time
is fitted into an autocorrelation function, which can be related back to the
diffusion coefficient. The average diffusion coefficient calculated through the
autocorrelation function is used to calculate an average radius. Two problems
exist with this method.
•

Since larger particles scatter more, the intensity produced by these
particles may over shadow the intensity produced by smaller
particles. Hence, in a bimodal system, where there is a large
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difference in particle size, the larger particles may mask the
presence of the smaller particles.
•

The radius reported by QELS as being the average radius is the
radius of ALL particles that pass through the laser. In a bimodal
system, larger particles on the order of 1 x 104 nm will be averaged
with particles on the order of 1 x 102 nm. Therefore an inaccurate
representation of size can be projected.

Keeping this in mind, the graphs presented in the population histograms may be
a more accurate assessment of the sample. In Figure 3D-3H in appendix 1, we
see the histograms for the various concentrations of ethanol in water liposomes.
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Ethanol in Water Liposomes
In Figures 1D and 1E, we see the intensity averaged radius and the mass
averaged radius, respectively, of water liposomes with no ethanol. The intensity
based radius was 60 nm. This was a monodisperse system as shown by the
presence of only one peak which occupied 100% of the intensity and 100% of the
mass. The mass averaged radius, as depicted in Figure 1E showed the Rm to be
20 nm. In 2.8 M ethanol (Figures 1F and 1G), the intensity averaged peak still
lingered at -60 nm but the maximum mass averaged radius has grown to nearly
50% to 28 nm. Both systems remain monodisperse. In Figure 1H, at 5.0 M
ethanol, we see the formation of larger aggregates on the order of 10000 nm.
The shape of this peak is due to the fact that larger aggregates scatter more
intensely. The presence of these larger aggregates tends to indicate the
transition to the hexagonal phase as described by the Grunner et al.
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The

mass averaged radius indicated that the original liposomes grew to 40 nm.

In Figures 1L, at 8.0 M ethanol, the % intensity of the originalliposomes fell to
2.5% at its maximum. The radius of these liposomes grew to 250 nm. This
indicated the continued weakening of the intermolecular forces between the
lipids. The original liposomes grew to a maximum size of the liposomes and then
dissociated into the hexagonal phase. The maximum size appears to be 240 nm
based on the mass average. This should cause an increase in the % mass of
the larger aggregates. However, although the intensity of the larger aggregates
remained the same, the % mass decreased to < 1%. The % mass of the original
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liposomes also decreased below 1%. 100% of the total mass of the solution
was occupied by small aggregates at 0.5 nm. These were most likely inverted
micelles formed during the hexagonal phase mixed with individual monomers in
solution.11o.14o It can be determined that the larger aggregates are just
intermediates between the vesicle conformation and the inverted micelle
conformation.
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Ethanol in 10% Ethanol Liposomes
Figures 4a, 4b, and 4c show the effect of ethanol on 10% ethanol liposomes.
These liposomes were prepared and diluted in 10% ethanol. Therefore, the
strength of the hydrophobic forces that maintain the structure of the vesicle was
slightly weaker than those in the water trials. It can also be suggested that the
effect of the ethanol titration was also weakened as result of weaker
concentration gradient.

Here, we see that the addition of ethanol to these liposomes resulted in stable
10% ethanol liposomes through, approximately, 6.0 M ethanol. The presence of
ethanol in the solvent was accounted for in the calculated ethanol concentration;
so, for blank liposomes, the TEe was 1.7 M ethanol. We can conclude that these
liposomes were stable through 6.0 M ethanol or upon addition of 4.3 molar units
of ethanol. This is twice the maximum ethanol composition allowed for stability in
the water trials. Another aspect of the 10% ethanol trials is the slope of the curve
after the geVliquid phase transition. This slope was much larger than observed in
the water trials, spanning only 1.0 M ethanol units prior to the hexagonal phase
transition; by comparison, the water trials slope spanned 4.0 M ethanol units. The
onset of this transition occurred at 6.0 M ethanol. The liposomes were
completely transformed, according to Figure 4a and 4b, into hexagonal structures
by 8.0 M ethanol. Based on LS alone, this indicates the span of this transition
has decreased when 10% ethanol was present in the aqueous solvent. Also, the
length of the gel/liquid phase has been extended.
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These two variances suggest that the 10% ethanolliposomes were more stable
in the gell liquid phase than the water liposomes at comparable ethanol
concentrations. The delayed transition suggests that the liposomes remained
uncompromised at higher concentrations of ethanol than did the water
liposomes.

The population histograms shown in Figures 2D- 2H confirm that hexagonal
aggregate transformation was delayed. Figure 2F show the presence of the
hexagonal phase in the % intensity graph. Based on this graph, the hexagonal
phase began to develop at 4.0 M ethanol which was a slightly higher
concentration than observed water trials. However, Figure 4G shows that the
relative population of these aggregates was very small; less than 1%. With the
addition of more ethanol to the sample, the % intensity, and to a lesser extent,
the % mass of the vesicle peak is shown to be inversely proportional to the %
intensity and % mass of the aggregate peak. This further confirms that the
liposomes were dissociating and reforming into hexagonal structures, hence
increasing the area of the aggregate peak.

At 12 M ethanol, as shown in Figures 2L and 2M, the % intensity of the
hexagonal aggregates has reached a maximum. This can be inferred from the
shape of the % intensity peak. Previous graphs indicated a wedge like shape.
This wedge like shape was the result of the combination of two factors. 1) It
indicated the continued formation of new aggregates or the continued growth of
established aggregates and 2) Larger particles scatter more intensely, hence the
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larger hexagonal aggregates contributed more scatter to the intensity than the
smaller hexagonal aggregates of the same peak. The change in shape of this
peak indicated that the larger hexagonal aggregates were no longer being
formed at the same rate as previous and/or were dissociating into micelle like
structures. The only way for such large aggregates to contribute less scatter to
the intensity than the intermediate and smaller aggregates of the same peak is
for the population of these larger hexagonal aggregates to occupy a significantly
lower percent of the mass than the smaller hexagonal aggregates.

The micelle structures are most likely inverted micelles. Inverted micelles are
also members of the hexagonal phase. It can be hypothesized that the large
hexagonal aggregates resemble the structure shown in either the rod like
structure or the network of inverted micelles shown above (Figure X). This can
inferred from the radius by mass of these hexagonal structure. The size of these
hexagonal aggregates was extremely large for microscopic particles, in
comparison to the LPC hexagonal aggregates which will be discussed later.
These rod like aggregates are stacks of inverted micelles packed on top of each
other. At a certain concentrations, the interactions between the micelles were
weakened and they were released from the entropic force that bound them
together. Based on the data presented here, we suggest that this MIC is - 12 M
ethanol. In comparison, the micelle like structures shown in the water trials
formed at B.O Methanol.
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We can see from Figure 4J that these micelles occupy the largest

%

of the mass.

Just as in the water ethanol trials (Figure 1L), although not shown, there is a
buffer noise peak that is significantly larger than all other peaks shown. This
buffer noise peak is usually ignored as it indicates solvent molecules, however in
this case, it may be noteworthy to mention. This increase in intensity of the
solvent peak may indicate monomers in solution. It can not be conclusively
reported because QELS sensitivity below 0.1 nm is too low to accurately denote
size. It can be concluded, that in comparison to water liposomes, 10% ethanol
liposomes form larger micelle structures. Also, the onset of micelle formation
occurred at higher concentrations of ethanol suggesting that the presence of
ethanol in the vesicle aqueous phase at formation delays the onset of
aggregation.
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Ethanol in 20% Ethanol Liposomes
Figure 5 shows the effect of ethanol on 20% ethanolliposomes. Here, the
hydrophobic forces and concentration gradient were theoretically weaker. The
blank 20% ethanolliposomes reported an average radius of 92 nm. At this pOint,
though, there was no ethanol titrated into the sample, the TEG accounts for the
ethanol present at the point of vesicle formation. Therefore, 3.7 M ethanol was
present in the blank. In the water trials, at 3.7 M ethanol, the average
hydrodynamic radius was 60 nm.

As mentioned earlier, Kinoshita and many other researchers have suggested that
presence of ethanol in lipid aggregates extends the life of the gel/liquid phase.
As we saw in the 10% ethanol trial, the liquid to hexagonal phase transition
occurred at a higher TEG in comparison to the water trials but spanned a smaller
concentration range. In the case of 20% ethanolliposomes, the membrane
remained stable through 9.0 M ethanol. The population diagram suggested the
presence of aggregates upon the initial formation of liposomes in 20% v/v
ethanol. These larger aggregates were present at undetectable amounts (less
than 1% mass) and were only seen due to their large contribution to the intensity.
At 9.0 M ethanol, Figure 5 indicated that the average hydrodynamic liposomes
size was still -100 nm. At this concentration, the radius based on the intenSity
was 80 nm and the mass average radius was 45 nm.

By 9.2 M ethanol, the Rh rose to 350 nm. The population histograms (Figures 5G
and 5H) indicated 3 populations of aggregates. The intensity based chart shows
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that the largest contribution was made by aggregates 5 nm large. Considering
that larger particles scatter more, this alone indicated that the population of these
5.0 nm aggregates was significant enough to overshadow the inflated intensity of
the larger particles. The intensity based chart suggested that these aggregates
occupied 36.3 % of the intensity, however the mass averaged chart indicates that
these small aggregates occupied 100% of the mass. We can conclude from that
there was a small population oJ liposomes remaining and a small population of
larger hexagonal structures, but the majority of particles in solution were 5 nm
large. These aggregates are mostly likely the inverted micelle structure of the
hexagonal phase.

The onset of the hexagonal phase in the 20% ethanol trials began at 9.2 M
ethanol. The hexagonal phase was initiated at 2.8 M ethanol in the water trials
and 4.0 M ethanol in the 10% ethanol trials. This corresponds with the theory by
Kinoshita of extended liquid phase and delayed hexagonal phase formation in
the presence of ethanol. 122-134 Figure 6 compares the % intensity of the three
ethanol trials shown in Figure 3, 4 and 5. As mentioned earlier, the % intensity of
particles in solution can give an initial idea as to the particle distribution in a
sample. Since larger particles scatter more, we observed the % intensity
contribution of just the vesicle peak throughout each trial. As hexagonal particles
are formed, the % intensity contribution of the vesicle peak will decrease due to
the migration of lipid monomers into the hexagonal phase. Therefore, a loss of
intensity in the vesicle peak denotes the dissociation of liposomes in solution.
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Here, it is conclusively shown that with increasing concentration of ethanol in the
sample solvent, the life of the stable vesicle was lengthened. The water trial
showed that the liposomes occupied 100% of the intensity through 3.0 Methanol,
in comparison to the 10% ethanol trials which had an MIC of 7.0 M and 20%
ethanol which has a 9.0 M MIC. Therefore, we can tentatively conclude that
ethanol extended the life of the vesicle. This was more significantly demonstrated
in the emission data.

In Figure 7, we see the emission spectra of water liposomes titrated with ethanol.
The 3/1 ratio remained fairly steady upon initial titration. The liposomes were
stable through 1.7 M ethanol. Below 1.7 M ethanol, the TEC was low enough for
to not affect the electrostatic forces of the lipids. However, at 1.7 M ethanol, the
3/1 ratio dropped from 0.74 cps to 0.58 cps which correlates with a more polar
environment. 45-48

The drop in intenSity of the 3/1 ratio can be associated with the gel to liquid
transition. By classification, the transition to the liquid phase refers to the loss of
strength of the hydrophobic interaction that maintains the structure of the
liposome. This loss of strength is accompanied by a loss in rigidity.

45-48,97.134

As

a result, the permeability of the membrane to aqueous solvents is increased
which in turn further weakens the strength of the lipid interaction. This negative
feedback loop correlates with the increased polarity at the rim of the membrane
and therefore can be signaled by the 3/1 ratio of pyrene. 45-48 Considering that
pyrene is a non-polar molecule, it will localize in a more non-polar environment.
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In a stressed environment, i.e. a permeable vesicle, pyrenes attraction to the
charged nitrogen has been outweighed by the repulsion by the polar molecules.
The only non-polar region available for the pyrene to migrate to is the
hydrocarbon chains of the membrane. Pyrene must then migrate to a more
hydrophobic environment.

Li has indicated that during the interdigitated phase, molecules such as pyrene
will migrate away from the rim into the more hydrophobic region the vesicle. The
relocation of the pyrene as described in the above may be correct. The fact that
pyrene has been observed to localize in the hydrophobic core upon disruption of
the hydration forces does suggest that the exact concentration of the ethanol that
we are calling the MIC may be off by a factor of ± 0.9. This standard deviation is
taken from Figure 7 which shows a valley in the 3/1 ratio ranging from 2.2 M to
4.0 M. However, more likely the dissociation of the membrane as indicated by the
fluorescence of pyrene may occur in stages. If so, then the movement of pyrene
further into the inner hydrophobic core may indicate the initiation of the
dissociation. In such a case, there may be a window in which the effect of
ethanol on the environment of pyrene is uninterruptible. During this time, the
pyrene may be in the hydrophobic core of a swollen leaky vesicle or in the
hydrophobic core of a hexagonal aggregate. For the water trials, this
interdigitated! hexagonal phase can be assigned to the slight valley shown in
Figure 5 between 2.2 and 4.0 M ethanol. Most likely, the initiation of the
hexagonal phase begins at the culmination of this valley (3.7 Methanol).
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Beyond this valley, the 3/1 ratio increased slightly with each additional titration.
This indicated the continued migration of pyrene into hexagonal structures.
(Figure 8) 3/1 ratio increased from 0.81 to 0.90 and than fell to 0.60 at 6.0 M
ethanol. The first pOint that should be made is that the 3/1 ratio of liposomes
made in water was less than that of the 10% ethanol vesicle blank. We

see with

the water trials that the 3/1 ratio of the blank was 0.78 cps, where here in the
10% ethanol trial, the 3/1 ratio was 0.81 cps. This indicates that the polarity of the
environment around the pyrene was more non-polar than in the water trials. This
was understandable considering the decreased polarity of the solvent.

The second point of interest is the slower decrease in emission of the 3rd
vibronic band in the 10% ethanol trials. As suggested earlier, the concentration
range that is spanned during the emission decrease indicates the liquid phase.
Therefore, this transition spans a region of 6.0 ethanol molar units in comparison
to the water trials which showed a virtually instantaneous drop in intensity with
the addition of ethanol at the MIC.

The third point of interest was the increase in the 3/1 ratio beyond 8.0 Methanol.
Such an increase suggests the onset of the hexagonal phase. In the case of 10%
ethanol, the region of uncertainty, in reference to the location of pyrene, was not
present. But, just as in the earlier case, the LS data indicates the formation of
the hexagonal phase. The emission data correlates with that theory.
With the 20% ethanol trial (Figure 9), we saw a different trend. The length of the
emission decay traverses the full trial. The gel to liquid transition can not be
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determined based on the data. Most likely, the liposomes were in their liquid
phase upon formation. This can be assumed based on the presence of the larger
aggregates in the blank as shown in the population histograms; also, from the
larger size of the aggregates upon initial formation. However, based on the
emission data this cannot be proven. The hexagonal phase occurred at the
minimum in the emission chart. For the 20% ethanol trial, there was no minimum.

In summary, the QELS data shows an increase in size of the vesicle with
increasing ethanol concentration. The fluorescent data, shows the weakening of
the membrane with increasing concentration. Linking these two results together
supports the theory of dissociation of the membrane. The intermolecular forces
that bind the vesicle into its conformation were compromised as the polarity of
the solvent was altered. With that, the solvent was free to leak int%ut of the
membrane and the surfactants electrostatic forces were weakened allowing for
the surfactants to separate. The resultant "swelling" allowed for the increase in
size of the vesicle. The leakage of the entrapped molecules created a model for
the disruption of liposomes and is useful knowledge in the study of drug delivery.

The impact of incorporating ethanol into the aqueous core was larger than that of
the ethanol titration into the external solution. Ethanol in the core allows for an
extended gel/ liquid phase transition. The emission trials suggest that increased
concentration of ethanol in the aqueous core leads to shorter gel phases and
longer liquid phases. We know this from the intensity at the early titrations and
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from the slope of the intensity decay upon addition of ethanol. The stability upon
initial titrations correlates with the gel phase.

For the water trials, the gel phase encompasses the concentrations spanned
immediately prior to the intensity drop at 1.0 M ethanol. For the 10% ethanol
trials, the gel phase spans the region from 1.7 to 2.1 M ethanol and for the 20%
ethanol liposomes, the gel phase was undetermined.

The 11111 ratio of the liposomes decreased at a slower rate when ethanol was in
the aqueous core. This decay correlates with an influx of polar molecules into the
hydrophobic core and resulted in the loss of rigidity in the alkyl chains as
occurred in the liquid phase. The initiation of the hexagonal phase occurred at
the minimum in the decay as it correlates with an increase in the hydrophobicity
of the environment around the pyrene. Such a dynamic can only occur with the
reconfiguration of the lipids into a more stable aggregate tha.t can reinstitute the
aqueous barrier previously created by the vesicle. Based on the emission trials,
for the water liposomes, the hexagonal phase was initiated between 2.2 and 4.0
M ethanol; for the 10% ethanol trials, 8.0 M ethanol; and for the 20% ethanol
trials, hexagonal aggregates were present throughout the trial but LS suggest
hexagonal formation at 9.2 M.
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Triclosan Studies on Water Liposomes
Triclosan was dissolved in concentrations of ethanol and titrated into the
membrane. Previous studies on the effect of triclosan indicate that it can lead to
changes in the gel to liquid transition.

g

9-102

Jones and researchers show

thermograms for OPPC liposomes containing phosphatidylinositol in the
presence of triclosan. 11 0,111 These thermograms are'shown below and indicate
that triclosan has eliminated the gel- to liquid transition. From these, Jones has
concluded that above 0.6 molar ratio triclosan: OPPC, the chain melting transition
temperature has been eliminated.

111

Figure XIV: Thermograms of Triclosan in DPPC Liposomes
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As shown above, the gel to

liquid phase transition of OPPC liposomes occurs approximately at 41 QC. With
the addition of triclosan, the membrane is fluidized. This transition moves to a
lower temperature. And weakens before it finally disappears ..
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Triclosan, as a non-polar molecule, will localize in the hydrophobic core of the
membrane to the aqueous solvent. So upon addition, it will migrate into the core
of the membrane resulting in many changes in the intermolecular interaction.
•

The interactions among the lipids are altered. Sterically, the
triclosan may cause kinks and/or folds in the chains.

•

5,97-99

The hydrophobic effect at the alkyl core is increased. The increase
in the hydrophobicity of the core should increase the strength of
the interactions between alkyl chains. 39-4

•

The intercalation of triclosan increases the capacity of the
hydrophobic core thereby pushing the alkyl chains apart. This
would:

16,40-43

Increase spacing between polar heads which, in turn, weakens the
head group repulsion
•

The increased spacing weakens the effect of the intermolecular
forces that protect the hydrophobic core from aqueous solvent.

Figures 10-19 show the effect of triclosan on the size, population, and structure
of liposomes. In Figure 10, we see the effect of triclosan on water liposomes.
The average hydrodynamic radius shows that the liposomes grew substantially
upon addition of triclosan. The original liposomes gave an average hydrodynamic
radius of 55 nm. At 2.0 x 10-4 M triclosan, the average Rh grew to 135 nm.
Beyond this point, the size fell back to 100 nm. Therefore, it can be assumed
that at least two, but most likely, three phases of liposomes exist upon
incorporation of triclosan. The first phase is the quasi stable gel/liquid phase.
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Distinction between the gel and the liquid phase cannot be made at this point.
The second phase is the aggregation of the vesicle. From the initial addition of
triclosan, through 2.0 x 10.4 M triclosan, liposomes seem to be stable but
growing. After the maximum size is reached the radius of gyration and the
hydrodynamic radius began to show different trends. While the Rh remains
steady at -100 nm, the Rg continued to decrease to -75 nm. As mentioned in
the introduction, the Rh denotes the radius as a particle moves through solution,
and the Rg denotes the average rms radius. Rg is proportional to Rh in the initial
titrations. This means that the longest axis of the particle is approximately
equivalent to the rms. From this, it can be concluded that the particles are
essentially spherical. When this relationship no longer applies, as in the sample
at higher triclosan concentrations, the shape of the particle is no longer spherical.
Hence, we suggest that beyond 2.0 x 10.4 M triclosan, a new aggregate has been
formed and although, it is on the same order of size, it is not a vesicle due to its
non- spherical shape.

The radius by mass as shown in Figure 10b shows that the particles in solution
are continually growing with the continued addition of triclosan. Although the rate
of growth is slower at higher concentrations, the triclosan is more detrimental to
the structure of the membrane than ethanol alone at comparable concentrations.

As mentioned before, the average Rh is the radius of all particles in solution. In
order to confirm or deny the presence of three phases, the radius by mass was
examined. The population histograms for the water liposomes are shown in
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Figures A thru F in appendix 2. Here, we see that initially only one population of
particles existed. This population of liposomes grew to >100 nm. At 2.0 x 10-4 M,
larger aggregates appeared -10000 nm. These constitute the hexagonal phase
aggregates. However, the vesicle population decreased to the original size with
the continued addition of triclosan.

At 2.0 x 10-4 M triclosan, the maximum triclosan content in the liposome and the
maximum polar head spacing is reached. This allows for the reconfiguration of
the swollen vesicle into what appears to be a smaller and more stable vesicle.
Therefore, based solely on the LS data, we can tentatively suggest that 2.0 x 10-4
M triclosan is the maximum concentration of triclosan that can be incorporated
into a water vesicle. After 2.0 x 10-4 M triclosan, the liposomes disassociated into
another aggregate as did liposomes subjected to LPG. In order to confirm this
trend and to hypothesize on the aggregate formation, emission studies were
performed using both pyrene and GFP. The former, as mentioned, localized in
the hydrophobic core of the membrane. Therefore, we suggest that triclosan will
have the same fate as pyrene due to their hydrophobic nature. GFP will localize
in the aqueous core of the vesicle.

At first glance, we expected triclosan to act in the same fashion as LPC; forming
micelle structures upon disassociation of the membrane. However, triclosan is
not a surfactant. It is not an amphiphilic molecule therefore, when free in
solution, it will not form liposomes or micelles on its own. As it influxes into the
weakened liposome, it will congregate with other nonpolar entities in solution.
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Hence, an increase in the 3/1 ratio, will result as the triclosan begins to surround
the pyrene either in the structure or in solution. Upon disassociation or
aggregation, the triclosan and pyrene would likely migrate into the most possible
non-polar environment available. At this point, the 3/1 ratio would shift to reflect
their new environment.

In Figure 13, we see an increase in the 3/1 ratio with increasing concentration of
triclosan. This, as suggested before indicates that the environment around the
pyrene is becoming more nonpolar. Such an occurrence would correspond to the
weakening of the membrane as it suggests the influx of triclosan into the
hydrophobic core of the vesicle. The onset of the influx seems to be indicated by
a clear drop in the intensity ratio at 0.20 x 10.4 M. Although not shown, this drop
in intensity at 0.20 ± 0.08 x 10.4 M was seen in several trials under similar
conditions. Such a decrease in intensity correlates with an increase in polarity
around the pyrene and therefore in the hydrophobic core. Even at such a low
concentration of triclosan, the concentration was still high enough to create a
channel in the membrane for the influx of solvent and lowering of the 3/1 ratio of
the pyrene. This dip in the intensity suggests water molecules have surrounded
the pyrene molecule which means aqueous solvent has crossed the membrane
and the liposomes stability was compromised. Beyond this triclosan
concentration, the 3/1 ratio increases sharply from 0.70 to 0.84 . The maximum
is reached between 1.2 x 10-4 M and 1.8 x 10.4 M. This suggests the
destabilization of the vesicle at these concentrations Beyond 2.0 x 10.4 M, the

3/1 ratio decreases through 2.5 x 10.4 M. This decrease corresponds with some
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type of aggregation. The pyrene is moving to a more polar environment. More
solvent than triclosan is traveling across the membrane thereby lowering the 3/1
ratio. At 2.5 x 10.4 M, the environment of pyrene is no longer favorable. The
increase in the 3/1 ratio beyond this point indicates the migration of pyrene into a
more energetically favorable environment.

The GFP study was a preliminary investigation into the usefulness of GFP as
indicator of membrane destabilization. Ideally, we expected to titrate a GFP
quencher , in the presence of triclosan, into the liposomes solution, thereby
observing the resultant effect of triclosan on the permeability of the membrane.
However, it seems as though pyrene which was situated in the hydrophobic core
of the membrane, migrates from the hydrophobic core in stressed environments
and localizes in the GFP structure, thereby altering the emission spectra. By
titrating triclosan into the sample, we increasing the osmotic pressure on the
membrane, thereby altering the degree of polarity in the hydrophobic core. This
will result in the stressed environment to which would force the migration of
pyrene into the GFP. Although, this hypothesis needs to be further studied, our
investigation suggests a correlation between the ratio of the GFP emission peak
to the shoulder peak and the degree of permeability of the membrane.

The GFP data confirms the results presented in the pyrene trials. As shown in
Figure 15, the ratio of G FP emission is stable through 1.2 x 10 ·4 M triclosan.
These are liposomes in their gel phase with GFP entrapped in the core. At 1.2 x
10.4 M triclosan, the ratio of GFP emission increased as indicated in Figure 14
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and 15. It can be observed from the spectra shown in Figure 14 that the shape
and intensity of the shoulder peak began to over shadow that of the emission
peak indicating molecular changes in the core of the GFP protein. 73 Several
factors may contribute to this chemical change, as previously described. With the
change in the environment of the protein, the ratio of the shoulder peak to the
emission peak increased above 1.0 cps and then leveled off; meaning that GFP
has become exposed to a more non polar environment. As previously described,
we hypothesis that at the maximum triclosan content in the liposome, the pyrene
migrated into the core of the GFP and thereby negatively effected the emission
peak. In such a case, this suggests that pyrene was in such a stressed
environment that it could no longer localize in the core of the membrane which
further confirms the disassociation of the membrane.

The correlation between the LS trials and the emission data suggests the
destabilization of the vesicle began early in the triclosan titration at 0.20 ± 0.08 x
10 -4 M as indicated by the increase in both the Rh and emission of pyrene. The
vesicle became completely permeable at 1.8 x 10-4 M triclosan according to
emission studies, but maintained the structure of a large vesicle aggregate
according to LS data. In essence it is a "permeable" membrane in which solvent
and triclosan are free to travel across. Unlike Iysophosphatidylcholine, at no point
in the range of triclosan concentrations tested will the vesicle be disrupted into its
monomer or micellar state. Based solely on the data, it can be concluded that
DPPC liposomes cannot successfully encapsulate triclosan beyond a
concentration of 1.8 x 10-4 M.
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To recap, we need to evaluate the stability of the membrane throughout the
titration, as well as, post titration. Factors that would influence a liposomes
stability include the permeability of the membrane and the shape. In terms of
permeability, we know the following:
•

At 1.8 x 10-4 M triclosan, the emission of pyrene is at its
peak. Pyrene is in a more non-polar environment than it was
prior to addition of aliquots of the 0.8 mglml triclosan
solution. This confirms the influx of triclosan and the
rejection of aqueous fluid.

•

Between 1.2 x 10-4 and 2.0 x 10.4 M triclosan, the emission
peak of GFP decreased in intensity in comparison to the
shoulder peak, therefore suggesting the movement of
pyrene into the core of the GFP protein; i.e. pyrene was no
longer comfortable in the hydrophobic core of the membrane
as a result of increased presence of triclosan.

•

At 2.0 x 10-4 M triclosan, the liposomes were at their peak of
the hydrodynamic radius and radius of gyration. (135 nm and
120 nm, respectively.). The Rh - Rg for spherical molecules.

Therefore, through 2.0 x 10 -4 M, the liposomes were,
theoretically spherical.
We also know that beyond 2.0 x 10 -4 ± .08 M, the liposomes lost their ability to
restrict aqueous solvent, entrap pyrene in the hydrophobic core, and are no
longer spherical. The latter being demonstrated by the fact that Rh;f:. Rg .
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So what we can conclude is that, although permeability and structure is not lost
until 2.0 x 10 -4 M triclosan, the initial signs of membrane weakening are shown at
1.2 x 10-4 M triclosan. Hence this concentration can be called the MIC for water
liposomes.
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Triclosan Studies on 10 % Ethanol Liposomes
The next phase in the research was to test the effect of 10% and 20 % ethanol
on the stability, structure, and shape of DPPC liposomes. To do this, we formed
the liposomes in 10% and 20% v/v ethanol. Therefore, 10% ethanol was trapped
in the aqueous core of the membrane instead of water as in the original trial. We
know that the 10% ethanol liposomes are more stable than water liposomes as
demonstrated in Figure 2. This is due to the extended liquid phase of the vesicle.
The shape and structure of the vesicle is maintained though a larger
concentration of ethanol. During the liquid phase, the interactions that governed
the structure of the membrane in the water trials are going to be slightly
weakened in comparison. With the decreased polarity of the solvent, the
interactions in the hydrophobic core are not going to be as strong and therefore
the compaction of the lipids will not be as tight. Also, the hydration layer that
surrounds the polar heads is going to be less significant thereby increasing head
group spacing. But despite weaker intermolecular forces and thinner hydration
layers, we see an increased degree of stability and larger vesicle sizes as
indicated by the continued maintenance of structure and size.

When triclosan is added to 10% ethanol liposomes, the dynamics of the system
are different in comparison to the water liposomes. The triclosan is going to be
slightly more soluble in the 10% ethanol solvent therefore the migration of
triclosan into the vesicle may be slower. Because 10% ethanol is the solvent, the
concentration of ethanol in the sample at the blank will be 1.77 M ethanol. As
triclosan in ethanol solution is added to the sample, the liposomes are more likely
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to enter the liquid phase (due to the increased concentration of ethanol). As
mentioned earlier, during the liquid phase, the intermolecular forces are
decreased. Since the level of lipid compaction at the lipid water interface is
weaker, the greater concentrations of triclosan may be able to sterically fit into
the vesicle better. Based on these assumptions, we preliminarily hypothesize that
10% ethanol liposomes, as demonstrated in the ethanol trials, should have a
longer and more stable liquid phase and larger capacity; therefore triclosan in
10% ethanolliposomes would have a larger MIC.

Figure 11 a and 11 b show the results of triclosan on 10% ethanol liposomes. In
11 a we see that when triclosan is added to the 10% ethanol liposomes, we see
that the liposomes remain stable with an Rh of 52 nm through 1.2 x 10.4 M
triclosan. Beyond this point, the Rh increases to a maximum of 68 nm at 1.8 x 10 .
4

M triclosan. Unlike in the water trials, the triclosan does not immediately affect

the size of the vesicle. Through 1.2 x 10.4 M, the liposomes seem to be stable as
if in the gel phase. At 1.8 x 10.4 M triclosan, the Rh remained constant at -70 nm.
The Rg followed the same trend through 1.8 x 10 .4M triclosan, but then dropped
dramatically to 37 nm at the highest concentration. As mentioned earlier,
deviations from Rg -Rh suggest that the vesicle is no longer spherical and
therefore, a new aggregate has been formed.

Figure 11 b shows that the Rm

increased with increasing triclosan, but not as significantly as the Rh • This
confirms the formation of larger aggregates.
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Previously, the population histograms best showed the evolution of liposomes
upon the introduction of triclosan. But in this case, the new aggregates formed
are on the same order of size as the original liposomes. The population
histograms are not beneficial in non-bimodal systems. So as shown in Figures G
N, only one peak is present throughout all the titrations. To confirm aggregate
formation, we must rely on the emission data.

Emission data shows the results of pyrene and GFP trials with 10% ethanol
liposomes. From Figure 16, we see that the addition of triclosan to 10% ethanol
liposomes caused an immediate increase in the 3/1 ratio. This correlates with the
influx of triclosan into the hydrophobic core of the membrane.

We see in Figure 16 that the addition of triclosan to the sample of 10% ethanol
liposomes lead to an increase in the 3/1 ratio. The ratio grows from 0.82 cps to
0.87 cps at 0.75 x 10-4 M triclosan. This confirms that triclosan migrated across
the membrane. As shown in the water trials, the triclosan entered the
hydrophobic core and surrounded the pyrene, thereby affecting the polarity of the
environment. Between 0.75 x 10-4 M and 1.5 x 10-4 M, the 3/1 ratio stays stable
at 0.87 cps. During this phase, as demonstrated in Figure 12a, the size of these
liposomes did not change. This indicated that the lipids in the core are fluid and
thereby allowing the incorporation of triclosan in the membrane. If they were in
their rigid gel phase, the size of the vesicle would have to grow to allow for
increased capacity, as in the water vesicle trial.
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Beyond 1.5 x 10-4 M triclosan, the 3/1 ratio deceased back to its original intensity.
Pyrene has migrated into a polar environment. This indicated the dissociation of
the membrane. However, the size of the vesicle increased slightly, but not as
significantly as in the water vesicle trials. Also, there is no indication of aggregate
formation in the population histograms. This does suggest that the membrane is
becoming permeable to water and aqueous solvent, but remained stable enough
to maintain structure. To confirm this, we tested the effect of triclosan on the
fluorescence of GFP, which localizes in the aqueous core,

GFP results for the 10% ethanol trials differ slightly from those of the water trials.
In Figures 17 and 18, the ratio of GFP emission shows that the liposomes were
stable through 0.8 x 10-4 M triclosan. The spectrum shows that the triclosan had
little effect on the intensity of the emission peak through this point. At 0.8 x 10-4 M
triclosan, the intensity of the emission peak fell below that of the shoulder peak.
This indicates the influx of pyrene into the core of the GFP protein as previously
discussed. The resultant increase in the GFP ratio continued through 2.0 x 10-4
M triclosan.
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Triclosan Studies on 20% Ethanol Liposomes
The 20% ethanol liposomes continue the trend that we saw in the previous trials.
With increasing ethanol concentration in the core of the vesicle, the
intermolecular interactions that maintain the structure were weakened and
therefore result in larger vesicle sizes and earlier initiation of the liquid phase. In
Figure 12 we see that the 20% ethanol liposomes remained the same size
throughout the entire trial. This suggests that triclosan had little or no effect on
the size of these liposomes. Two distant possibilities exist.
•

Triclosan may be more soluble in 20% ethanol. Hence, the
concentration gradient previously created by the
hydrophilicity of water and 10% ethanol is lost. In such an
instance, triclosan was free to adsorb to the exterior wall of
the membrane, remain in solvent, and/or migrate into the
core of the membrane; therefore the sterics of the
hydrophobic core as much.

•

In 20% ethanol, the DPPC liposomes hydrophobic core is
not as tightly compacted as in previous trials and alkyl
chains are in their liquid state. Hence, the localization of
triclosan in the hydrophobic core would have less of an
impact on structure; i.e. the capacity of the hydrophobic core
to absorb triclosan has increased.
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Most likely, a combination of both these factors is in play here. The 20% ethanol
weakened the gradient and intermolecular dynamics of the system; thereby
disabling the "semi-permeability" of the membrane. We know from the population
histograms that only one population of aggregates is represented. The emission
data shows us that the alkyl chains of the lipid were subject to increased capacity
4

through 2.0 x 10- M triclosan. We know this due to the increase in the 3/1 ratio
with the influx of triclosan. So the triclosan is occupying the hydrophobic core, but
unlike in the previous trials, there is no loss in intensity of the 3/1 ratio. There is
no reconfiguration of the lipids into a different aggregate within the triclosan
concentration range tested.

We know based on the ethanol trials, that the incorporation of 20% ethanol in the
core of the membrane increases the stability of the membrane as demonstrated
by the extended liquid phase in Figures 5 and 7. We can determine that 20%
ethanolliposomes are stable with the incorporation of triclosan, yet the maximum
concentration of triclosan remains -2.0 x 10-4 M triclosan. Since this concentration
does result in aggregate formation, we know that 20% ethanolliposomes are the
most stable out of the three tested because the liposomes exist only in the liquid
phase.

As mentioned earlier, we also performed tests on the effect of thymol and
menthol on the structure and stability of the DPPC liposomes. As seen in Figure

20, thymol had a definite effect on the size of DPPC liposomes. The Rh measures
the scatter presented by all aggregates in solution, while the Rm only measures
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the radius of the selected peak, in this case, the liposome .The Rh of the
liposomes remained constant at 40 nm through 3.0 mM thymol. Beyond that
point the Rh increased sharply to 100 nm where it remained for the rest of the
trial. This quick jump in the size of the liposomes indicated some type of
aggregate formation. The fact that the Rm of the liposomes remained constant
throughout the trial, yet the hydrodynamic radius showed distinctive phase
changes indicates aggregate formation. The 3/1 ratio, shown in Figure 21,
shows little variation at 3.0 mM. At 5.0 mM thymol, there is a decrease in the
ratio from 0.60 to 0.45 at 7.5 mM. The decrease in the 3/1 ratio indicates the gel
to liquid phase transition. Since there is no indication of aggregation from the
emission data, it can hypothesized that the liposomes aggregate into a particle
that places pyrene in a similar environment. Based on the data presented, this
can not be conclusively stated, however the sharp increase in the Rh, does
correspond with hexagonal aggregate formation

With the incorporation of menthol into system, the Rh grew to 180 nm at 3.0 mM
menthol. Beyond this point, the radius decreased to 100 nm. The Rm of the
liposomes follow the same trend. Since the trend in the radius by mass matches
that of the hydrodynamic radius, aggregate formation cannot be confirmed. The

3/1 ratio did show an increased degree of hydrophobicity around the pyrene
through 2.0 mM, after which the ratio fell from 0.80 mM to 0.70 rnM. This
increased hydrophobicity indicated the influx of menthol into the system. The
decrease in the ratio indicated the influx of solvent into the system. However, the

3/1 ratio did stabilize at 0.70 cps from 4.0 mM to 8.0 mM. So it cannot accurately
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be concluded that polar molecules were fusing into the membrane, but we do
know that no aggregate formation is indicated within the range shown here.

In both the thymol and menthol trials, it is likely that aggregates do not form or
are not as prominent in the sample. Both thymol and menthol do cause vesicle
swelling and larger concentrations can be entrapped in the vesicle.
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Conclusion
In summary, we can conclude that the presence of ethanol causes a delay in
possible conformational changes in the membrane but increases the propensity
for the swelling of the liposomes. Based on this information it was vital to work at
low ethanol concentrations in order to get conclusive data on the effect of
triclosan. In the presence of triclosan, the water liposomes grew to 140 nm.
When ethanol was present in the hydration solvent, the concentration range of
the liquid phase was extended therefore the propensity for aggregation was
decreased. The liposomes remained in the liquid phase to higher ethanol
concentration than in the water liposomes.

Triclosan caused the swelling of DPPC liposomes in water. Water liposomes
grew to more than twice their original size in the presence of 2.0 x 10-4 M
triclosan. When ethanol was present in the hydrating solvent, the size of the
liposomes remained stable. As previously mentioned, the presence of ethanol in
the aqueous phase leads to a extended liquid phase. This creates a vesicle that
is permeable and fluid. The loss of rigidity in the vesicle allows for an increased
capacity in the hydrophobic core. Hence, triclosan had less of an affect on the
structure of the membrane. With 10% ethanol in the aqueous phase, the
liposomes did not exceed -70 nm in radius with the largest change in growth
seen in the presence of 1.8 x 10-4 M triclosan. Emission data correlates with the
light scattering data. It can be concluded that the presented methodology may be
used to entrap triclosan in DPPC liposomes. Triclosan is most effective in the
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presence of dilute concentrations of ethanol. More research is necessary to
determine the optimal conditions for maximum triclosan concentration in
liposomes.
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APPENDIX 1
TABLES
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Table 1: Aggregate Parameters
Type of
aggregate

Aggregate
Parameters

Micelles

50- 100 monomers
DPPC cmc: 2.0 x
106
• Radius is variable
(For DPPC- <
11 nm)

Multilamellar
Unilamellar
Vesicles

•

Structure

•
•

Up to 10,000
up to
10,000 nm.

lipid

Single
Unilamellar
Vesicles

•
•

20 - 50 nm
95:5 water to lipid
ratio

Large
Unilamellar
Vesicles

•
•

50 to > 10,000 nm
95:5 water to lipid
ratio

aqueous compartment
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Table 1: Aggregate Parameters (Cont)
Hexagonal
Aggregates

•
•

•
•

Clusters of rods
Each rod has an
average width of 30
nm
Spacing between
rods spans -25 nm.
50:50 water to lipid
ratio

a

..

e.
e

j

magnetic part:icJe

•
•

Micelle Clusters
Radius: indefinite

166

Table 2. Lipid Aggregations

lipid

< 1/3

Critical

Structures

packing shape

formed

Cone

V:t·~:,:·~·
:.~. I.,Q

Sptwri<:al micelles

... " ..... iL-'"

v~

I

c

Truncated cone

1/3-1/2

Truncated cone
illaJ'hnin..n
" ..",I1.",r....n

Flexible bilayers.
vesicles

lipids with
areas, fluid

choline (lecithin),
lJerine,
g/yc(Jf'(JI,
'M'tirl,LlJ' inosltDl,
v..".,I';';,. acid,

1/2-1

DaDGII,
phosphate,
dimethyllJmmonlum

tJbJ'nVfllin.

.........

(

Cylinder

-1

Planar bilayers

~

bJ
·.,......".nrn.lln

truncated cone
or wedge

areas,

poly (cis)
high T:
nhrlSlJ~ajrld.tI ethanolamine,

>1
, ..... "'iI'it, ....

167

Table 3: Types of Radii

Hydrodynamic
Radius (Rh)

Measured radius based on
a hypothetical hard sphere
but indicative of a dynamic
hydrated solvated particle.

It- translational friction
coefficient
is proportional to the

(It

Phase fluctuations arise
from translation of a
molecule over a distance.

frictional force on a particle
applied by the surrounding

Derived from the Stokes
Einstein Equation:

solvent.)

D= kTllt = kT/61CTJ R

11- viscosity at 20

Rotational Radius
(Rg); i.e. radius of
gyration

c

Q

C

1

+

=
2A2C
R (e,C)

=

Static Radius obtained by
rotating particle around
geometrical center

Root mean square
radius.
Rg - 1 for sphere.
Radius of static
particle.

DLS intensity based
method of determining the
mass generated radius of
a particle.

Intensity based radius
derived from the
simple Rayleigh Ratio
formula.
Radius determined
from the mass center
of a particle.
Rm-Rg
Provides the average
radius of the
represented mass
populations as
depicted in the
population diagrams.
Does not reflect the
average particle
radius of the total
solution.

Mwp(e)

Radius by Mass (Rm)
Rmass

Radius calculation
accounting for solvent
drag.
It - 1 for sphere
Rh does not account
for the presence of
different populations of
particles.
Provides the average
radius of ALL particles
in solution.

[ \1Wx3Vp

Na 41t
Where MW is derived
from:

..

113
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Table 3 (Cont)

%Mass,

C.
=--~-x
100

LCi

The massl intensity
distribution is calculated
directly from the intensity
distribution of radii via a
simplified form of the
Rayleigh equation
developed from static light
scattering theory

Tells us how much of
the total particle mass
is occupied by the
represented
population.
Based on the
populations diagrams
shown.

Table 4. Ethanol Concentrations
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Table 5. List of wavelengths of vibronic bands of pyrene in water
liposomes
Vibronic Band
1

2
3
4
5

Wavelength (nm)
374
380
385
390
395

nm
nm
nm
nm
nm

Table 6: Viscosity of Ethanol
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Table 7: Concentration of LPC in Water Liposomes.

71.4
83.3
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Table 8: Tested Concentrations of Triclosan in DPPC Vesicles

0.09

8.86

0.17

17.7

0.26

26.5

0.16

0.43

44.3

0.25

0.68

69.2

0.38

1.02

104

0.50

1.35

138

0.63

1.69
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0.75

2.03

208

0.88

2.37

242

1.00

2.71

1.20

3.25

332

1.40

3.79

388
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Table 9.Thymol and Menthol Concentrations

0.5000
1.0000

0.64
1.27

1.5000

1.91

2.0000

2.55

2.56

2.5000
3.0000

3.18
3.82

3.20
3.84

3.5000

4.46

4.48

4.0000

5.09

5.12

4.5000

5.73

5.6

5.0000
5.5000

6.37

6.40

7.01
7.64

7.04

6.0000

7.68
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Glossary
1. 3/1 - Three to one ratio
2. CMC- Critical Micelle Concentration
3. CPS- Counts per second

4. DP PC- Dipalmitoylphosphatidylcholine

5. GFP- Green Fluorescent Protein
6. H,,_Hexagonal Phase
7. Iscattering- Scattering Intensity
8. LPC- Lyso Phosphatidylcholine

9. LS- Light scattering
10. LUV- Large Unilamellar Vesicles

11. La - Liquid Phase
12. M- Aggregation Number
13. MALS- Mutli Angular Light Scattering

14. MIC- Maximum

In~libitory

Concentration

15. MLV- Multilamellar Vesicles
16. MPI- Maximum Percent Intensity
17. MPM- Maximum Percent Mass
18. P- form factor
19. PC- Phosphatidylcholine
20. QELS- Quasi Elastic Light Scattering
21. Rc- Critical Radius
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22. Rg- Radius of gyration
23. Rh- hydrodynamic radius
24. Rj

-

Radius by intensity

25. Rm- Radius by Mass
26. RMS- Root Mean Square radius
27. s/r- intensity of the sample vs. reference
28. SUV- Small Multilamellar Vesicles

29. TEC- Total Ethanol Content
30. VI V- Volume to Volume
31.~Tm

Phase transition temperature
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